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The major histocompatibility complex (MHC) is one of the most variable regions in the 
vertebrate genome. Many genes within the MHC play important roles in the 
development of an immune response, including the response to pathogens, by 
presenting pathogen fragments to T cells. Pathogen-mediated balancing selection is 
thought to be important in maintaining the high levels of allelic variation at these loci, 
though the precise mechanism remains unclear. The number of studies of MHC 
diversity in non-model organisms has increased dramatically in recent years as 
genotype data have become cheaper and easier to generate; however, key limitations in 
many such studies remain a lack of high quality MHC genotypes and associated 
phenotype data. Many studies focus on a single MHC locus, assuming that one locus will 
represent the full range of variation within each MHC haplotype. Alternatively, the 
products of different loci may co-amplify, preventing locus-specific genotypes and 
hence heterozygosity being accurately determined. Non-model systems are also often 
limited by small sample sizes and limited recording of associated host and pathogen 
measures, which, combined with high levels of allelic variation at MHC loci, can limit 
statistical power. Finally, few MHC studies control for the general effect of relatedness 
in explaining host traits before testing for MHC effects. With so many methodological 
impediments, it is challenging to identify robust associations between MHC variation 
and host phenotypes, such as parasite burden or fitness, and to draw conclusions about 
the mechanisms underpinning the maintenance of diversity at MHC loci.  
In this thesis, I address these problems by developing a SNP-based haplotyping system 
for a population of unmanaged Soay sheep (Ovis aries) on Hirta, St. Kilda, for which data 
is available on pedigree, phenotypic traits and fitness and its components over a 30-
year study period. The ovine MHC consists of four classes of loci, within which loci are 
tightly clustered and show reduced recombination rates compared to the genome 
average. Although the mammalian MHC is usually highly variable, one would expect 
that the number of haplotypes within an MHC class in an island population of sheep 
with no immigration to be limited. The class IIa region of the ovine MHC includes the 




peptides derived from extracellular pathogens, including gastrointestinal helminths, in 
sheep and other mammals. In chapters 2 to 4, I describe the characterisation of class IIa 
haplotypic diversity in the Soay sheep using direct Sanger sequencing of PCR amplified 
fragments, which, in combination with cloning, revealed eight distinct haplotypes. With 
this knowledge of haplotypic diversity, and genotypes for a sample of Soay sheep typed 
on the Ovine Infinium HD chip (approximately 600K SNPs), I developed a panel of 13 
SNPs which could be used to impute the class IIa haplotypes. This panel was genotyped 
by KASP (Kompetitive Allele Specific PCR) in 6034 samples and used to impute the 
class IIa haplotypes. After quality control measures, class IIa haplotypes were 
successfully imputed for 5349 individuals. Evidence of balancing selection was 
identified using the Ewens-Watterson test at different life history stages and within the 
standing population each year between 1985 and 2012, showing that allele frequencies 
were more even than would be expected under neutrality. However, there was no 
evidence of deviation from Hardy-Weinberg equilibrium identified at different life 
stages or in the standing population in any year. 
In chapter 5, I investigate associations between the MHC class IIa haplotypes and 
individual-level data on host phenotypes – body weight, plasma immunoglobulin levels 
(measured as anti-Teladorsagia circumcincta third larval stage IgA, IgE and IgG) and 
strongyle faecal egg counts (FEC). Associations were tested within mixed effects 
models which were used to account for repeated measures and control for fixed effects 
known to affect the response variables, as well as within an animal model framework to 
account for relatedness between individuals. Haplotype heterozygosity was unrelated 
to any of the traits investigated, suggesting a general heterozygote advantage is 
unlikely to be operating within the Soay sheep. Six of the eight class IIa haplotypes 
were associated with multiple traits in different age-sex classes, although many of these 
associations were removed after inclusion within animal models. The evidence of 
balancing selection and associations between class IIa haplotypes and phenotypes 
related to health offers a promising glimpse into the evolutionary mechanisms which 
may be operating to maintain diversity within this region.  
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The major histocompatibility complex (MHC) is one of the most variable regions in the 
vertebrate genome. There are many genes within the MHC, and these genes usually 
have many variants, known as alleles. A major question in evolutionary biology is why 
these genes are so variable and why the variation remains within the population. Why 
do the most beneficial alleles not spread throughout the population, replacing less 
beneficial alleles? The MHC genes encode MHC molecules which are located at the cell 
surfaces and are involved in alerting the immune system to invading pathogens. They 
do this by presenting small fragments of proteins that originate from the invading 
pathogens to a specific type of immune cell, T cells, which trigger an immune response.  
Different alleles at MHC genes generate different variants of MHC molecules, which are 
then able to each present protein fragments from a different range of pathogens.  
Diversity at the MHC is thought to be maintained by balancing selection (the 
maintenance of multiple alleles in a population) driven by diversity within pathogen 
communities. Exactly how balancing selection maintains variation at the MHC has 
interested evolutionary biologists for many years, and yet studies are typically limited 
in their ability to answer this question. One way to address this question is to genotype 
the MHC in large numbers of individuals and compare them to measures of individual 
health and fitness. Whilst experimental systems are rarely able to replicate the levels of 
diversity which occur in the wild, wild systems are difficult to study because of that 
diversity. This creates technical challenges, in particular genotyping the multiple, 
highly variable genes in large numbers of individuals.  
In this thesis, I make use of long-term data and genetic samples collected for the 
unmanaged population of Soay sheep that have been living feral on the islands of St. 
Kilda for thousands of years. I first characterise the variation that exists in the Soay 
sheep population at one cluster of MHC genes, known as class IIa, in a small number of 
sheep using genotyping methods which were developed for domestic sheep. Using this 
information, I was able to identify which alleles occur in close proximity on a single 




determine which pairs of haplotypes each individual carries for large numbers of 
individuals and applied it to 5349 individuals. Using this class IIa genotype data, I found 
evidence of balancing selection acting in this gene region to maintain alleles at 
frequencies that are more even than expected by chance. I also compared the MHC 
genotypes to five measures of individual health and productivity – body weight, three 
antibody measures (immunoglobulins A, E and G), and parasite burden. Many class IIa 
genotypes were related to variation in these measures of health and productivity, 
offering a glimpse into the evolutionary mechanisms which may operate to maintain 
high levels of diversity in this gene region.   
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Understanding how selective and neutral forces shape diversity within natural 
populations is a central aim of evolutionary population genetics. Most selective (e.g. 
positive and purifying selection) and neutral (e.g. drift) forces act to reduce variation in 
natural populations. Yet, natural populations typically exhibit high levels of variability. 
Haldane (1949) proposed the importance of pathogens in maintaining polymorphism, 
and some of the most variable genes are involved in immune responses to pathogens. 
The major histocompatibility complex (MHC) is one of the most variable regions in 
vertebrate genomes (Klein 1986; Parham & Ohta 1996; Garrigan & Hedrick 2003; 
Trowsdale 2011), which encode molecules involved in the detection of pathogens by 
the immune system. Pathogen-mediated balancing selection (PMS) is thought to be 
involved in the maintenance of these high levels of polymorphism at the MHC, and 
there is a growing body of evidence linking pathogens to MHC diversity (see Jeffery & 
Bangham 2000; Bernatchez & Landry 2003; Piertney & Oliver 2006; Spurgin & 
Richardson 2010). The exact evolutionary mechanisms through which balancing 
selection acts, however, are not well understood, and investigating these mechanisms 
requires extensive population data at both the phenotypic and genotypic levels.  
Locus-specific genotype data is necessary to disentangle the various modes of 
balancing selection (Spurgin & Richardson 2010), but high levels of polymorphism and 
gene duplication events makes this challenging, especially in non-model organisms. 
MHC genes often occur in close proximity on a chromosome and are inherited as 
haplotypes, and so it may not always be possible to separate the effects of an allele at a 
particular locus from its haplotypic background. This thesis aims to address these 
challenges by 1) characterising the MHC class IIa haplotypic diversity in a well-
characterised wild population, 2) develop and test a rapid haplotyping method, 3) 
haplotype large numbers of animals and 4) investigate associations between MHC 
haplotypes and phenotypes associated with health. Below, I summarise the structure 
and function of MHC genes, origin and maintenance of MHC diversity, the challenges in 
detecting and differentiating evolutionary mechanisms, introduce the study population 
and outline the main aims of this research.  
1.1 MHC structure and function 
The MHC is formed of clusters of genes with similar immune functions.  MHC genes 




looked for (Ohta et al. 2000; Kulski et al. 2002; Kelley, Walter & Trowsdale 2005). Up to 
three clusters of genes with similar functions are typically identified in the MHC, known 
as classes I, II and III (Klein 1986). In mammals, birds, reptiles and amphibians, the 
MHC classes are clustered together on a single chromosome, although not all clusters 
are always present and there is substantial variation in the number of genes within 
each cluster amongst taxa (Kelley et al. 2005). In teleost fish, however, the class I and 
class II loci are typically located on different chromosomes (Hansen et al. 1999; Sato et 
al. 2000; Kuroda et al. 2002).  
The MHC encodes molecules that act as sentinels of infection, alerting the immune 
system to the presence of an invading pathogen and enabling it to mount an immune 
response. MHC class I and II molecules are membrane-bound glycoproteins that are 
capable of binding pathogen derived peptide fragments, and displaying them at the cell 
surface for recognition by appropriate T cells (Zinkernagel 1979; Murphy et al. 2012). 
Class I genes encode class I molecules which are expressed on all nucleated somatic 
cells and are primarily concerned with presenting endogenously derived peptides to 
CD8+ cytotoxic T cells. Recognition of the MHC peptide complex by the T cell receptor 
initiates a cytotoxic reaction resulting in  the death of the target cell (Hughes & Yeager 
1998). Class II genes encode class II molecules which are expressed on antigen 
presenting cells (B cells, macrophages and dendritic cells), and are primarily concerned 
with presenting exogenously derived peptides to CD4+ T cells. The CD4+ T cell subsets 
control and regulate both the antibody and the cellular responses to infection (Murphy 
et al. 2012). The class III subregion includes a large number genes, not all of which have 
immune related functions, and which are typically less variable than the genes in 
classes I or II (Kulski et al. 2002).  
1.1.1 The Ovar-MHC 
The MHC region in domestic sheep, known as Ovar-MHC for Ovis aries, is located on 
chromosome 20 q14 – q23 (Mahdy et al. 1989; Hediger, Ansari & Stranzinger 1991). 
Ruminants share a unique class II structure, which was first identified in cattle 
(Andersson et al. 1988; van Eijk et al. 1995), by which the class II is separated into class 
IIa and class IIb (Amills et al. 1998). The organisation of the three MHC classes is show 
in Figure 1.1. This organisation of the classes within sheep has been shown using 
linkage maps of microsatellites (Crawford et al. 1995; Maddox et al. 2001) and genomic 






Figure 1.1. Schematic of the Ovar-MHC structure showing the relative position on 
chromosome 20. (Not drawn to scale) 
 
1.1.2 Class I  
The best characterised MHC region is the human leukocyte antigen (HLA) complex. 
Three highly polymorphic classical class I genes, A, B and C are present on all 
haplotypes along with three non-classical genes, E, F, G (Klein 1986). The majority of 
allelic diversity locates to exons 2 and 3 of the classical class I genes which form the 
peptide binding region (PBR) of the class I molecule. The class I molecule is a 
heterodimer consisting of three α domains and a β2 microglobulin (Figure 1.2a), which 
is derived from a non-polymorphic locus external to the MHC (Hughes & Yeager 1998). 
The classical class I PBR binds peptides that are 9 amino acids long (Hughes & Yeager 
1998). Non-classical class I genes are structurally similar to classical class I genes, but 
are relatively non-polymorphic and tend to show reduced or restricted expression 
patterns compared with the classical class I loci (Lawlor et al. 1990). 
Class I molecules bind to peptides intracellularly and are transported to the cell surface 
where they are recognised by the antigen receptor of CD8+ cytotoxic T cells. Within the 
endoplasmic reticulum, class I molecules bind to cytosolic peptide fragments (Germain 
1986), either a self-peptide (uninfected cells) or a non-self peptide (infected cells) 
which is derived from the breakdown of proteins from intracellular pathogens. After 
peptide loading, they are transported to the cell surface where they present the bound 
peptide. CD8+ T cells are continually circulating the body, and when they discover class 
I molecules loaded with a non-self peptide that is complementary to their T cell 
receptor (TCR), they form a complex which triggers a cytotoxic reaction to kill the 
infected cell. TCRs which bind to class I molecules presenting self-peptides are 
removed in the thymus by negative selection (Lawlor et al. 1990; Hughes & Yeager 




exogenously derived peptides by class I molecules (Kovacsovics-Bankowski & Rock 
1995; Norbury et al. 1995; Yewdell, Norbury & Bennink 1999; Lizée et al. 2003; 
Ackerman & Cresswell 2004; Basha et al. 2012) 
Orthologues of the HLA class I A, B and C loci cannot be identified in other species as 
class I genes  appear to evolve rapidly, are typically derived by recent duplication and 
rearrangement events, and are highly polymorphic (Horton et al. 2004; Kelley et al. 
2005). This makes it difficult to use information about class I genes in a model species 
to design assays for a non-model species. Cloning and sequencing has shown that there 
is a minimum of eight class I loci in Scottish blackface sheep, with variation in gene 
number between haplotypes (Miltiadou et al. 2005; Ballingall et al. 2008). Recent work 
to assemble the class I genome (Gao et al. 2010) and annotate it (Siva Subramaniam et 
al. 2015) have improved our knowledge of class I gene content and structure in sheep. 
Haplotype diversity in gene number within the class I region is not uncommon (Ellis et 
al. 1999; Karl et al. 2013), but these studies have been conducted on a very limited 
number of haplotypes.  
 
 
Figure 1.2. Schematic of structure of MHC class I molecules (a) and class II molecules (b), 
based on Hughes & Yeager (1998). β2m refers to the β2-microglobulin 
 
1.1.3 Class II  
Three classical HLA class II gene families, DP, DQ and DR are located within the human 




α and β chains of the dimeric class II molecule (Figure 1.2b). The PBR is formed 
between the α1 and β1 domains (Figure 1.2b), and can bind peptides of a more variable 
size range, typically between 11 and 17 amino acids long (Hughes & Yeager 1998). 
Class II molecules are primarily expressed on antigen presenting cells – dendritic cells, 
macrophages, B cells and thymic epithelial cells (Hughes & Yeager 1998; Ting & 
Trowsdale 2002; Jensen 2007).  
Like class I molecules, the class II molecules are loaded with a peptide intracellularly 
(see Figure 1.3a), but with the assistance of a non-classical class II molecule, DM 
(Kropshofer, Hämmerling & Vogt 1997). The peptide MHC complex is transported to 
the cell surface for recognition by CD4+ T helper cells. Shortly after synthesis, class II 
molecules are bound to an invariant chain, which prevents binding to intracellular 
peptides, and chaperones the class II molecule to MIIC lysosomal-like vesicles (Ting & 
Trowsdale 2002). The invariant chain degrades, and the class II molecule can bind to 
degraded exogenously-derived peptides  which have been  internalised via 
phagocytosis or receptor-mediated endocytosis (Jensen 2007). Once bound, the class 
II–peptide complex is transported to the cell surface where presentation to circulating 
antigen specific CD4+ T cells takes place. Following T cell activation an adaptive 
immune response is initiated (see Figure 1.3b) through the release of cytokines and 
chemokines which can stimulate inflammatory and antibody type responses to control 
the infection (Murphy et al. 2012).   
Of the three MHC classes, class II is the best characterised in sheep (Amills et al. 1998; 
Dukkipati et al. 2006a). Class II genes typically show a high degree of homology 
amongst species, and orthologues of the DQ and DR genes can readily be identified in 
mammals (Garrigan & Hedrick 2003; Kelley et al. 2005). This has facilitated the study of 
class II genes in a range of species including ruminants. Gene nomenclature for class II 
follows that used in the human MHC, where the first two letters denote the locus (DR or 
DQ), followed by whether it is the A or B gene (e.g. DRA and DRB), and finally the gene 






Figure 1.3. a) MHC class II molecules are produced and loaded with exogenously 
derived peptides within antigen processing cells. The α and β chains are produced 
within the endoplasmic reticulum where the peptide binding site becomes associated 
with an invariant chain protein, before moving into a specialised vesicle (MIIC). 
Exogenously derived proteins are engulfed and transported to the MIIC vesicle, where 
they are broken down. Within the MIIC, the invariant chain is cleaved from the MHC 
class II molecule and replaced with an exogenously derived peptide fragment. This 
MHC II – peptide complex is transported to the cell surface for recognition by the 
antigen specific receptors where it forms a complex with a T cell receptor on CD4+ T 
cells. The cascade of events following T cell recognition of the MHC-peptide complex is 
summarised in (b). The activation and proliferation of T cells supports immune 
responses through the production of a range of pro- and anti-inflammatory cytokines 
and chemokines which control and regulate immune effector cell populations including 
cytotoxic T cells, B cells, which generate antibodies, memory B cells and recruit 
granulocytes (eosinophils, basophils and mast cells) which expel parasites or reduce 
their growth and fecundity. Figure 1.3a adapted from Neefjes et al. (2011). Figure 1.3b 
created by author from information in Murphy et al. (2012). 
 
Class IIa in sheep includes the classical class II genes which encode the DR, DQ1 and 
DQ2 molecules (Figure 1.4), as well as a number of pseudogenes and non-classical 
genes (Dukkipati et al. 2006a). There is a single transcribed DRA locus with low 
polymorphism (Ballingall et al. 2010; Subramaniam et al. 2012), which combines with a 
single expressed and highly polymorphic DRB1 locus (Deverson et al. 1991; Scott et al. 




(Chardon et al. 1985; Scott, Choi & Brandon 1987; Scott et al. 1991; Fabb et al. 1993; 
van Oorschot et al. 1994; Wright & Ballingall 1994; Ballingall et al. 2015, 2017 in press). 
Most haplotypes carry the DQ1/DQ2 configuration (as shown in Figure 1.4); however, 
the DQA1 locus cannot be identified on some haplotypes (Fabb et al. 1993; Ballingall et 
al. 2015; Ali et al. 2016), termed DQA1 null. Similarly, the DQB1 cannot be identified on 
all haplotypes (Ballingall et al. 2017 in press), termed DQB1 null. Haplotypes lacking 
the DQA1 and DQB1 loci were typically found in combination with two DQA2 and two 
DQB2 loci, the additional loci termed DQA2-like and DQB2-like (Hickford, Ridgway & 
Escayg 2000; Hickford et al. 2004; Hickford, Zhou & Fang 2007; Ballingall et al. 2015, 
2017 in press). It is unknown whether the DQA2-like and DQB2-like alleles are truly 
located at a third new locus, or are highly divergent alleles of the DQA1 and DQB1, 
although Ali et al. (2016) identified haplotypes carrying all three alleles for each of the 
DQA and DQB loci. Ballingall (in press) recently showed that DQA2-like and DQB2-like 
transcripts were only able to co-express with one another, suggesting that only 
haplotypes carrying both DQ2-like genes will be able to generate a functional class II 




Figure 1.4. Class IIa genes as they are organised on sheep chromosome 20. The molecules 
formed by each pair of loci are shown below. Note that only the typical DQ haplotype 
structure is shown. (Not drawn to scale) 
 
Class IIb genes encode the ruminant specific DY molecules, as well as the non-classical 
DN/DO and DM molecules (Amills et al. 1998; Dukkipati et al. 2006a), all of which have 
low polymorphism (Dukkipati et al. 2006a). The DYA and DQB genes have been 
identified in sheep (Wright, Ballingall & Redmond 1994; Ballingall & McKeever 2005), 




Ballingall et al. 2001, 2004) and goats (Mann et al. 1993) and appear to be unique to 
ruminants. DYA and DYB loci show limited expression in ruminants and are probably 
restricted to dendritic cells (Ballingall et al. 2001; Ballingall & McKeever 2005). DNA 
and DOB probably form a single pair of genes, but their expression in sheep is uncertain 
(Wright, Redmond & Ballingall 1995). The human homologue, DO, is expressed in B 
cells and is thought to form complexes with DM molecules to enhance the ability of B 
cells to present antigens internalised via the B cell antigen receptor (Jensen 2007). DMA 
and DMB genes have been identified in sheep (Gao et al. 2010; Lee et al. 2012), 
although their expression in sheep does not appear to have been assessed. The human 
homologue of DM is expressed in antigen presenting cells and does not bind peptides. 
Instead, it interacts with classical class II molecules during peptide loading, and it is 
thought that the DM molecules are involved in ensuring that stable class II-peptide 
complexes are presented on cell surfaces by exchanging peptides and favouring the 
formation of more-stable complexes (although there is some uncertainty surrounding 
this function) (Jensen 2007).  
1.2 Origins and diversity at the MHC 
1.2.1 Evolutionary origins of the MHC 
An MHC region, a complex of linked genes involved in an adaptive immune response, is 
only found in jawed vertebrates (Kelley et al. 2005). Within jawed vertebrates, the 
number and content of genes that comprise the MHC varies across and within taxa 
(Kelley et al. 2005),  but typically include those with classical peptide-binding 
functions, housekeeping genes and MHC assembly genes. Many MHC genes with non-
peptide-binding functions have orthologues which can be found in plants, invertebrates 
and vertebrates as they relate to general cell organelle functions (Kelley et al. 2005), 
and such genes have been co-opted from existing genes with similar function, such as 
the TAP1 and TAP2 genes which originated in the adenosine triphosphate binding 
cassette family of genes (Danchin et al. 2004). Genes with classical MHC peptide 
presentation functions likely evolved after divergence of jawed and jawless 
vertebrates, though homologues of these genes have not been identified in non-jawed 
vertebrates, making their origins obscure (Klein & O’hUigin 1993; Kelley et al. 2005; 




The organisation of the MHC into three regions with similar functions (classes I, II and 
III as discussed above) is typical of mammals, and the presence of at least two clusters 
has been identified in many jawed vertebrates (Kelley et al. 2005). These clusters likely 
originated from a duplication event, probably two whole-genome duplication events, 
prior to the radiation of jawed vertebrates (Flajnik & Kasahara 2010). The organisation 
of these clusters and their gene content differs across taxa (Kelley et al. 2005). For 
example, chickens have a “minimal essential” MHC with only 19 genes (Kaufman et al. 
1999), whereas songbirds may have hundreds of genes (Bollmer et al. 2010; Sepil et al. 
2012), and in teleost fish, the class I and II loci do not always seem to be linked (Shum 
et al. 2001).  
1.2.2 Generation of new MHC alleles 
Allelic diversity at an MHC locus can be generated by point mutations: substitutions, 
insertions or deletions. These mutations will either have no effect (e.g. synonymous 
mutations) or alternatively be advantageous or disadvantageous. Either way, they 
accumulate to generate the high levels of allelic diversity observed within the MHC. 
There is no evidence, however, that the mutation rate is higher at the MHC than 
elsewhere in the genome (Hughes & Hughes 1995).  
The MHC is also characterised by high gene diversity. The region typically has high 
gene density, high similarity between genes (i.e. alleles at different loci are similar) and 
the retention of allelic lineages  over long periods of evolutionary time (Figueroa, 
Günther & Klein 1988b), such that alleles from one species may be more similar to 
alleles of another species than within the same species, known as trans-species 
polymorphism (TSP) and has been identified in many taxa (Miller & Withler 1997; 
Hoelzel, Stephens & O ’brien 1999; Garrigan & Hedrick 2001; Van Den Bussche, Ross & 
Hoofer 2002; Richardson & Westerdahl 2003; Musolf, Meyer-Lucht & Sommer 2004; 
Alcaide, Edwards & Negro 2007; Eimes et al. 2015), including ruminants (Ballingall et 
al. 2010). Two primary mechanisms have been proposed to explain the generation of 
gene diversity at the MHC, concerted evolution (Lawlor et al. 1990; Ohta 1999) and 
birth-and-death evolution  via gene duplication (Nei & Hughes 1992; Ota & Nei 1994), 
only the latter of which is compatible with trans-species polymorphism. Birth-and-
death evolution and gene conversion may not be mutually exclusive events (Edwards et 




Concerted evolution within the MHC is the creation of new alleles through gene 
conversion (non-reciprocal exchange of short DNA segments) or inter-locus 
recombination (Lawlor et al. 1990; Ohta 1999), and the resulting genes evolve together 
so that genes within a species are more similar to one another than between species 
(Hess & Edwards 2002). Gene conversion at MHC loci has been identified in humans 
(Watkins et al. 1992; Belich et al. 1992; McAdam et al. 1994; Zangenberg et al. 1995; 
Marcos et al. 1997; Högstrand & Böhme 1999), other mammals (Andersson et al. 1991; 
She et al. 1991; Schaschl et al. 2005), birds (Hunt, Pharr & Bacon 1994; Wittzell et al. 
1999; Miller & Lambert 2004a; Chaves et al. 2010; Spurgin et al. 2011; Gillingham et al. 
2016) and fish (Langefors, Lohm & von Schantz 2001b; Reusch & Langefors 2005). 
Gene conversion can lead to reduced locus number and allelic diversity (Gu & Nei 
1999).  
Birth-and-death evolution (Nei & Hughes 1992; Ota & Nei 1994) is a processes 
whereby gene duplications create new genes, and while some persist and evolve, 
others are deleted or degrade and become pseudogenes (Nei & Rooney 2005). Nei et al. 
(1997) and Gu & Nei (1999) showed that alleles at an MHC locus typically cluster 
together phylogenetically, and this has been shown many times since (Go et al. 2003; 
Piontkivska & Nei 2003; Axtner & Sommer 2007). Birth and death evolution of MHC 
alleles seems to be more common in mammals than birds (Hess & Edwards 2002), and 
though it may not be a ubiquitous process in birds (Edwards et al. 2000; Hess et al. 
2000), there is good evidence it does occur (Bollmer et al. 2010). Class II gene families 
tend to be similar across mammalian species, suggesting that duplication events are 
typically very ancient, and the loci involved have subsequently undergone divergent 
evolution. A probable recent gene duplication event of DRB genes was identified in the 
bank vole, Clethrionomys glareolus (Axtner & Sommer 2007). The presumed duplicated 
DRB genes have low polymorphism compared to the presumed original genes (Axtner 
& Sommer 2007) and have not been identified in another arvicolid species, the water 
vole, Arviola terrestris (Oliver & Piertney 2006).  
1.3 Maintenance of diversity through balancing selection 
Understanding functional variation is an important field of research in evolutionary 
biology. Polymorphisms at adaptive loci rarely persist within populations as, typically, 




maintenance of multiple alleles at a locus and can maintain both low and high numbers 
of alleles. The prevalence of balancing selection is relatively unknown, and may be 
restricted to a relatively small number of loci (Fijarczyk & Babik 2015). A classic 
example of balancing selection maintaining low levels of polymorphism is the 
persistence of the wild-type and sickle-cell alleles at the β-globin locus in humans, 
which causes sickle-cell anaemia in homozygous form but is protective against malaria 
in its heterozygous form (Allison 1956). Another example is the persistence of horn 
size polymorphism in Soay sheep (Ovis aries) at the bi-allelic locus RXFP2, where the 
allele for larger horns confers greater reproductive success and the allele for smaller 
horns confers increased survival, resulting in the heterozygote possessing greatest 
fitness (Johnston et al. 2013). Both sickle-cell haemoglobin and Soay sheep horn type 
are maintained due to the greater fitness of the heterozygotes, a specific form of 
balancing selection known as heterozygote advantage (Hedrick 2012). In plants, high 
levels of polymorphism are found at self-incompatibility (S) loci, a complex of linked 
genes or gene groups, which prevent self-fertilisation in Angiosperms (De Nettancourt 
2001). These loci encode recognition proteins that recognise and reject pollen from 
genetically similar individuals, thus promoting outcrossing (Silva & Goring 2001). Thus, 
multiple alleles must be maintained within the population to facilitate cross-
fertilisation, and indeed, S-loci are highly polymorphic (Charlesworth & Awadalla 1998; 
Charlesworth et al. 2000). S-loci diversity is maintained by negative-frequency 
dependent selection, whereby rare alleles have an advantage as they are less likely 
rejected as “self” alleles (Charlesworth et al. 2000; Llaurens et al. 2008; Schierup & 
Vekemans 2008). Within vertebrates, and particularly within mammals, the MHC 
contains highly polymorphic loci, the diversity of which is maintained by balancing 
selection, acting either through natural or sexual selection. PMS is often invoked as the 
primary form of natural selection likely to be acting on the MHC (Bernatchez & Landry 
2003; Piertney & Oliver 2006; Spurgin & Richardson 2010). Sexual selection may also 
act through disassortative mating to optimise or maximise offspring genetic diversity 
(Milinski 2006; Piertney & Oliver 2006). 
1.3.1 Natural selection 
Functional MHC polymorphism is greatest in the  PBR coding regions (Hughes & 
Hughes 1995; Sommer 2005). The PBR structure determines which peptides an MHC 
isoform can detect and present to the immune system (Murphy et al. 2012). Thus, the 




peptides (both at the species and genotypic level) can be presented to the immune 
system and detected. The ability to detect and respond to pathogen infection is likely to 
impact individual fitness, for example through survival or reproductive success. Natural 
selection should therefore act on MHC alleles, so as to promote variation through 
balancing selection, the selective maintenance of multiple alleles at a locus within a 
population (Hughes & Yeager 1998; Meyer & Thomson 2001; Hedrick 2002; 
Bernatchez & Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 2010). There 
are four modes of natural selection that have been proposed, the first three of which 
pertain to PMS (heterozygote advantage, negative frequency-dependent selection and 
fluctuating selection) and the fourth to deleterious mutations (associative balancing 
complex - ABC). These mechanisms may not be mutually exclusive (Spurgin & 
Richardson 2010).  
Under heterozygote advantage (Doherty & Zinkernagel 1975) selection favours 
individuals with the ability to recognise and react to the broadest range of peptides; 
therefore individuals with the greatest variety of alleles, heterozygotes, should be 
fittest. Only overdominant heterozygote advantage, where the heterozygote is fitter 
than both homozygotes, is capable of maintaining MHC diversity (Takahata & Nei 
1990). Dominant heterozygote advantage in which the heterozygote is fitter than the 
mean of the two homozygotes, is not capable of contributing to the maintenance of 
MHC diversity. Heterozygote advantage is not expected to operate in single infection 
scenarios, which are typical of much experimental work (Apanius et al. 1997), but is 
more likely in co-infection or serial infection situations (Doherty & Zinkernagel 1975; 
Hughes & Nei 1992) which are more typical of most wild systems. Many models of 
heterozygote advantage assume symmetry in selection across all homozygotes and 
heterozygotes, which may be inherently unlikely at first sight (De Boer et al. 2004; 
Stoffels & Spencer 2008). Theoretical modelling has shown that symmetrical selection 
could generate observed levels of MHC variation (Maruyama & Nei 1981; Takahata & 
Nei 1990), whilst asymmetric selection could not (Lewontin, Ginzburgh & Tuljapurkar 
1978; Hedrick 2002; Borghans, Noest & De Boer 2003; De Boer et al. 2004). Pathogens 
contain many epitopes, each of which could be recognised by different MHC molecules, 
so there may be much overlap in the pathogen sets that can be recognised by different 
molecules (see Stoffels & Spencer 2008 and references within). Stoffels & Spencer 




symmetrical heterozygote advantage may not be unrealistic and could maintain 
diversity.  
Heterozygote advantage might be expected to favour even greater rates of gene 
duplication and diversification of gene families rather than just increasing, or 
maintaining, allelic diversity (Potts & Wakeland 1990). In mammals, there is arguably a 
pattern for increased gene diversity within class I, but less so for class II which shows 
relatively restricted classical gene diversity (Kelley et al. 2005). Nowak et al. (1992) 
suggested that high diversity would lead to self-reactivity or redundancy as the 
matching T cell receptors would be negatively selected in the thymus. Thus, there may 
be an optimum MHC diversity (Nowak et al. 1992; Woelfing et al. 2009), and studies 
from non-mammalian species that exhibit variation in gene number have often found 
that an intermediate number of alleles or intermediate allelic diversity is most 
advantageous (e.g. fish - Wegner et al. 2003b; Forsberg et al. 2007; Wegner 2008; Kalbe 
et al. 2009; McCairns et al. 2011; Hablützel et al. 2014; birds - Hawley & Fleischer 2012; 
reptiles - Madsen & Ujvari 2006; see Appendix A). Whilst this does not resolve whether 
or not heterozygote advantage operates within such populations, it does suggest that 
there is some limit to the optimum number or diversity of genes and alleles.  
Under negative frequency-dependent selection (NFDS), also known as rare-allele 
advantage (Bodmer 1972; Takahata & Nei 1990), a cyclical co-evolutionary arms race 
between parasites and their hosts is envisioned. Parasites possessing antigens 
unrecognised by the most common host genotypes will be able to spread through the 
host population. Host individuals carrying new or rare alleles that allow identification 
of those parasites will have a selective advantage, but only until the allele becomes 
common (Takahata & Nei 1990). The allele then loses its selective advantage, and the 
parasite strain becomes less prevalent. The cycle begins again with a new parasite 
strain and corresponding MHC allele. New alleles (Takahata & Nei 1990) or rare old 
alleles (Slade & McCallum 1992) could both be selectively advantageous, although it 
may take up to 1000 generations for an allele that has lost its selective advantage to 
become rare again (Apanius et al. 1997). Monitoring allele frequencies in a population 
over time is the only way to truly test NFDS, yet monitoring populations over 
evolutionary time is unfeasible (Piertney & Oliver 2006). Additionally, rare alleles are 
more likely to occur in heterozygotes (Spurgin & Richardson 2010).  
Under fluctuating selection (FS) (Hedrick, Thomson & Klitz 1987; Hedrick 2002) alleles 




Parasite populations varying in space and time due to the environment external to the 
host will exert differing selection pressures on host MHC alleles across space and time 
(Spurgin & Richardson 2010). This mechanism is notably different from NFDS in that 
the allele frequency changes are driven by extrinsic factors, for instance changes in the 
pathogen populations which are unrelated to MHC diversity (Meyer & Thomson 2001). 
Hedrick and Kim (2000) showed that theoretically, fluctuating selection could generate 
observed frequencies of alleles even after accounting for temporal autocorrelation.  
A fourth model of MHC evolution, ABC, proposed by van Oosterhout (2009) suggests 
that, if a certain degree of diversity already existed, deleterious mutations within the 
regions surrounding MHC genes contribute to the maintenance of polymorphisms. This 
model proposes that the mutations are not purged by selection because they occur 
within MHC linkage blocks, within which there is little recombination resulting in high 
linkage disequilibrium (LD), and are rarely expressed in homozygous form because of 
the diversity of MHC alleles. Thus, the deleterious impact of such mutations is reduced 
and purifying selection is inefficient (Charlesworth & Willis 2009). These mutations 
therefore become fixed and contribute to balancing selection. In a recent study on the 
human MHC, Lenz et al. (2016) have shown that there is an increase in the numbers of 
putatively deleterious variants within the MHC region, which decline in frequency with 
distance from the MHC.  
1.3.2 Sexual selection 
MHC-based mate choice is an alternative mechanism widely suggested as promoting 
polymorphism at the MHC (Potts & Wakeland 1990; Brown & Eklund 1994; Jordan & 
Bruford 1998; Zelano & Edwards 2002; Milinski 2006). The ability to choose a mate 
based on the MHC alleles they possess could enable an individual to maximise its 
offspring’s fitness under two, non-exclusive strategies: maximising immunocompetence 
or avoiding inbreeding. Choosing an MHC dissimilar or MHC diverse mate would 
maximise MHC allelic diversity in offspring and thus their ability to detect a range of 
parasites (Penn & Potts 1999); although a complementary number of alleles to an 
individual’s own in order to reach an optimum diversity may be preferable 
(Aeschlimann et al. 2003). Inbreeding reduces fitness (Reed & Frankham 2003), thus 
avoiding mating with kin by choosing an MHC dissimilar mate could maximise offspring 




Early studies on MHC-based mate choice in mice (reviewed in Jordan & Bruford 1998) 
and humans (Ober et al. 1997; Génin et al. 2000) found evidence for disassortative 
mating, usually via female preference (Meyer & Thomson 2001), although not all 
studies were able to identify disassortative mating (Hedrick & Black 1997). With 
improved statistical and genotyping methods, studies have revisited this question in a 
range of species, some finding evidence supporting its occurrence (Reusch et al. 2001; 
Radwan, Tkacz & Kloch 2008; Miller et al. 2009; Huchard et al. 2010; Juola & Dearborn 
2011; O’Farrell et al. 2012; Reichard et al. 2012; Strandh et al. 2012; Løvlie et al. 2013; 
Winternitz et al. 2013; Yang et al. 2014) and others, not (Knafler et al. 2012; Niskanen 
et al. 2016). 
MHC-based mate choice relies on an individual’s ability to detect a mate’s MHC alleles 
and possibly their own, and recent evidence has shown that this may be possible in a 
number of species (Ziegler et al. 2010; Milinski et al. 2013). MHC disassortative mating 
does not, however, easily explain the extensive evidence for diversifying selection 
found specifically within the PBR, where diversity is related to presentation of 
peptides, rather than across the entirety of the locus (Hughes & Hughes 1995) (see next 
section). That is not to say that MHC disassortative mating could not be operating in 
conjunction with other modes of selection, but these functional patterns of diversity 
associated with peptide presentation seem more likely to be due to a mechanism 
related to MHC function, such as PMS.   
1.4 Detecting selection at the MHC 
1.4.1 Historical selection 
If positive and/or balancing selection have acted on a species or population in the past, 
there should be detectable signatures within the nucleotide sequences. The most 
commonly applied tests of historical selection in the case of the MHC are dN/dS, trans-
species polymorphism, the Ewens-Watterson tests, and patterns of differentiation 
amongst spatially separated populations, although others are discussed in more detail 
elsewhere (Bernatchez & Landry 2003; Garrigan & Hedrick 2003; Piertney & Oliver 
2006). Whilst the Ewens-Watterson test assesses evidence of recent selection, the 
dN/dS and trans-species polymorphism tests assess signatures of selection that can last 
for very long periods of time. Garrigan and Hedrick (2003) demonstrated that whilst 




take tens or even thousands of generations to degrade. Such tests should therefore be 
interpreted as evidence of historical balancing selection acting upon a species, that may 
or may not continue within contemporary populations.  
Selection can be detected by assessing the patterns of synonymous and 
nonsynonymous mutations (dN/dS) within exonic nucleotide sequences (Hill & Hastie 
1987; Hughes & Nei 1988). Synonymous mutations are, for the most part, effectively 
neutral, whereas non-synonymous mutations can alter the conformation and binding 
capabilities of the MHC protein. Non-synonymous mutations are therefore assumed to 
be present within the sequence because of selection. The rate of synonymous mutations 
is assumed to be approximately equal to the rate of mutation. If the rate of non-
synonymous mutations (dN) exceeds synonymous mutations (dS), dN/dS > 1, then it 
can be assumed that positive selection has acted (Bernatchez & Landry 2003). Such 
calculations are typically carried out using maximum likelihood estimates first 
developed by Felsenstein (1981) which incorporate mutational models, such as 
invariable, neutral and positively selected sites (Nielsen & Yang 1998; Yang et al. 2000; 
Suzuki 2004; Massingham & Goldman 2005). This test of selection, unlike many others, 
makes no assumptions about population size, population structure or whether the 
population is at equilibrium (Nielsen 2001). Most studies that test for dN/dS identify a 
signal of positive selection within the PBR (Bernatchez & Landry 2003; Piertney & 
Oliver 2006). The ubiquity of this result suggests that those studies that do not identify 
positive selection may not have correctly identified the PBR.  
Trans-species polymorphism is the maintenance of alleles across speciation events 
(Figueroa, Gúnther & Klein 1988a), as discussed above, and is an indicator or balancing 
selection. Under neutral and coalescent theories, the number of alleles shared between 
closely related species would be expected to decline with time following speciation 
(Piertney & Oliver 2006), but balancing selection can retain alleles for much longer 
(Takahata & Nei 1990). Phylogenetic comparison of MHC alleles amongst related 
species and detection of incomplete lineage sorting of MHC alleles at a locus is a 
signature of balancing selection (Bernatchez & Landry 2003; Piertney & Oliver 2006). 
The absence of trans-species polymorphism, though, may not be indicative of the 
absence of balancing selection if concerted evolution has occurred (Piertney & Oliver 
2006).  
The Ewens-Watterson test (Ewens 1972; Watterson 1978) compares the observed 




likely operating. The test makes the assumption that the test population has remained 
the same size historically and at equilibrium. To avoid confounding by such 
demographic effects, patterns observed for MHC alleles are frequently compared to 
those of neutral markers (Garrigan & Hedrick 2003). Solberg et al. (2008) performed a 
meta-analysis of 497 human populations and found that the Ewens-Watterson test 
identified balancing selection at all but one HLA locus. 
Patterns of population differentiation or similarity at MHC markers which are not 
reflected by neutral markers can also signify selection (Bernatchez & Landry 2003).  
Greater differentiation at the MHC compared to neutral markers suggests that selection 
is acting differently in different populations due to variation in selection pressures 
(Jeffery & Bangham 2000). For example, if pathogen pressures varied between 
populations, the selective advantages of an MHC allele may vary between populations. 
Reduced differentiation at MHC compared to neutral markers indicates that, despite 
demographic processes acting to generate differences between populations, balancing 
selection is maintaining similar MHC differentiation (Schierup, Vekemans & 
Charlesworth 2000). Muirhead (2001) showed theoretically that population 
differentiation (measured as FST) at MHC loci is reduced amongst subdivided 
populations under balancing selection compared with neutral markers for varying 
levels of selection and migration. Neutral processes acting within current or recent 
generations may outweigh any effects of selection, particularly large demographic 
effects such as a bottleneck. Numerous studies have investigated patterns of MHC 
differentiation within or between species in natural systems (see Appendix A and 
reviews – Bernatchez & Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 
2010), but it can be very difficult to disentangle the different processes of selection, 
demography and social structure acting in each of the populations to truly exclude 
demography or social structure as explanations for the observed patterns (Piertney & 
Oliver 2006).  
1.4.2 Contemporary selection 
An excess of heterozygotes would be expected under balancing selection if either 
heterozygote advantage (Doherty & Zinkernagel 1975) or NFDS is operating (Penn 
2002). Under both these forms of balancing selection, heterozygotes would be expected 
to be at a selective advantage either due to the heterozygosity itself, or the presence of 




(Black & Salzano 1981; Markow et al. 1993; Chen et al. 1999) but few studies in other 
species have been able to detect this (Spurgin & Richardson 2010). An excess of 
heterozygotes was observed in a neotropical rodent, Talas tuco-tuco Ctenemys talarum, 
and heterozygote advantage was excluded through a lack of association between 
heterozygosity and parasite load (Cutrera, Zenuto & Lacey 2011). Often, however, 
selection may be too weak to be detected within a single generation (Garrigan & 
Hedrick 2003; Spurgin & Richardson 2010).  
Selection against homozygotes or particular genotypes may manifest before birth or 
hatching, or in very early life which would result in allele frequencies deviating from 
Mendelian segregation proportions (Garrigan & Hedrick 2003). However, testing for 
deviations from Mendelian proportions is challenging as it requires very large sample 
sizes, MHC genotypes for both parents and all observed offspring. These requirements 
may be met within human populations, as discussed by Garrigan & Hedrick (2003) and 
observed by Black & Hedrick (1997) in South American Amerind families. However, the 
necessary data is typically very difficult to obtain from wild populations, where mating 
attempts are difficult to observe, where females may be promiscuous, and where 
unobservable post-copulatory mechanisms determine paternity. Evidence for 
deviations from Mendelian proportions were identified in lesser kestrels, Falco 
naumanni (Alcaide et al. 2012) and domestic dogs, Canis familiaris (Niskanen et al. 
2016), but not in an inbred colony of rhesus macaques (Sterck et al. 2017).  
Identification of associations between MHC alleles and disease or fitness traits is the 
only direct way to measure natural selection acting in contemporary populations (Potts 
& Wakeland 1990; Apanius et al. 1997). Natural selection on MHC alleles acts through 
the phenotypes they confer, such as resistance or susceptibility to disease or their 
impact on individual fitness. Associating pathogen prevalence (qualitative resistance) 
or burden (quantitative resistance) with MHC variation demonstrates contemporary 
PMS, and, depending upon the type of data collected, enable modes of balancing 
selection to be tested. For example, heterozygote advantage would be supported by 
associations between pathogen diversity and heterozygosity, and rare-allele advantage 
or fluctuating selection by associations between specific alleles and specific pathogens 
(Spurgin & Richardson 2010). Such associations may, however, be difficult to detect 
when selection is weak, selective pressures vary amongst co-infecting pathogens or 
across spatio-temporal scales, or when allelic diversity is high and sample sizes are 




amplified in lifetime measures of fitness (Potts & Wakeland 1990), making it more 
feasible to detect associations (Apanius et al. 1997). Many studies have found 
associations between MHC variation and pathogen or fitness measures and have been 
reviewed extensively (see Apanius et al. 1997; Jeffery & Bangham 2000; Bernatchez & 
Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 2010; Trowsdale 2011; 
Appendix A).  
1.5 Challenges in detecting and differentiating modes of 
selection 
Despite hundreds of MHC association studies in a wide range of species (see Appendix 
A), few studies have been able to attribute observed patterns of variation to any one of 
the mechanisms of balancing selection. Spurgin and Richardson (2010) discussed the 
challenges in doing so, and showed that the predictions we can make to explain 
observations obtained from many of the detection methods are almost always 
compatible with multiple PMS explanations.  An excess of heterozygosity, for example, 
could be compatible with both heterozygote advantage and NFDS (Penn 2002). 
Associations between specific MHC alleles and disease may be compatible with NFDS 
and FS (Spurgin & Richardson 2010). Reduced differentiation between populations at 
MHC compared to neutral loci may be compatible with NFDS or heterozygote 
advantage, and greater differentiation between populations at MHC compared to 
neutral loci could be attributed to NFDS or FS (Spurgin & Richardson 2010). Many 
studies still infer one mechanism over another without being able to exclude the 
alternative (Spurgin & Richardson 2010). It is possible, and perhaps likely, that 
multiple mechanisms operate within a single population, and that a number of 
sampling, technical and statistical limitations have frequently hampered the ability of 
studies to disentangle the different mechanisms (Spurgin & Richardson 2010).   
Pathogen sampling strategies must also sufficiently represent the range of pathogen 
pressures acting on the population and should ideally encompass adequate temporal 
and spatial scales (Spurgin & Richardson 2010). Sampling a single pathogen may reveal 
the selection imposed by that one pathogen, but wild populations are typically co-
infected or serially infected by multiple pathogens (Schmid-Hempel 2011). Intensive 
sampling of parasite communities may therefore be valuable for MHC association 




communities as a measure of host pathogen diversity (Collin et al. 2013). Not all 
pathogens exert strong selection pressure, so ideally sufficient groundwork should also 
be carried out to understand the associations between pathogens or pathogen 
communities and fitness. Small differences in pathogen resistance may be amplified in 
individual fitness (Potts & Wakeland 1990), and therefore fitness may be more 
revealing of the variation in selection pressures acting on MHC variation (Apanius et al. 
1997). Testing multiple phenotypic traits, including but not restricted to qualitative and 
quantitative measures of pathogen infections, may also help to generate an improved 
picture of selection. Furthermore, studies often take a “snapshot” of the allele 
frequencies within a population at a single location, thus it is not possible to assess 
changes in genotype frequencies over time or space which would likely occur under 
NFDS or FS (Spurgin & Richardson 2010). The long-term intensive monitoring of 
spatially distributed wild populations required for such an assessment, may not 
realistically be feasible, however.  
Applying adequate genotyping methods which attribute alleles to loci and reflect 
functional variation are a key technical challenge when studying the MHC in non-model 
species (Bernatchez & Landry 2003; Spurgin & Richardson 2010). Characterisation of 
each locus individually, rather than co-amplification of multiple indistinguishable loci, 
is required to partition variation amongst loci and determine an individual’s true 
genotype. With only allele counts for an individual, it is not possible to apply most 
analysis methods to discriminate modes of selection, for example heterozygote 
advantage could not be detected without knowing an individual’s heterozygosity 
(Spurgin & Richardson 2010). To understand modes of selection it is important to 
consider expressed loci, or allelic variation may be overestimated and will not reflect 
only functional variation. Genotypes at the locus itself should be considered, rather 
than those of flanking loci such as microsatellites. Whilst a flanking microsatellite might 
be in LD with the locus of interest, lack of selective constraint and highly repetitive 
sequences enables variation to build up more rapidly (Ellegren 2004) so that multiple 
microsatellite alleles may be in LD with a single functional allele (Paterson 1998).  
Finally, a multi-locus system such as the MHC should not be assessed using a single 
locus. Many alleles at multiple loci is statistically difficult to deal with because each 
genotype has low sample size and large numbers of alleles can result in a lack of 
statistical power (Hill 1991). If loci are analysed separately, this may lead to an 




becomes a key question. Additionally, these loci are non-independent as there is high 
LD between class II genes (Dawkins et al. 1999), and in humans, there are particular 
hotspots for recombination within MHC regions and reduced recombination rates 
outside those hotspots (Cullen et al. 1997; Jeffreys, Kauppi & Neumann 2001). Selection 
may also act to prevent recombination from re-arranging beneficial allele combinations 
(Meyer & Thomson 2001), epistasis may vary between loci (Hedrick & Kim 2000) and 
selection acts on the group of genes within a haplotype (Navarro & Barton 2002). 
Divergent allele-specific selection pressures may therefore act on alleles at different 
loci in a single haplotype, which could effectively reduce, or cancel out any selection 
upon the haplotype. By generating information on how alleles are clustered on 
haplotypes helps to alleviate the one aspect of this challenge, by effectively reducing the 
number of loci to one whilst effectively representing the full haplotypic variation. 
Ultimately, selection can only act on functional variation, and this must be fully 
characterised in order to effectively detect and analyse modes of selection. 
1.6 Gastrointestinal nematodes, the immune response 
and MHC in sheep 
Gastro-intestinal nematodes (GIN) are a diverse group of helminth parasites that 
primarily infect the sheep abomasum and intestines and are a major contributor to 
costly pathogen associated morbidity and mortality in sheep (Nieuwhof & Bishop 2005; 
Sutherland & Scott 2009). GIN generate a range of pathologies due either directly to the 
activities of the worms, or indirectly through opportunistic bacterial infection or as a 
result of the immune response mounted by the host (Lawrence, Kennedy & Garside 
2013). Larvae or eggs are ingested from the pasture, the parasites then develop into 
adult worms within the host gastrointestinal tract where they reproduce and the eggs 
are excreted in the host faeces. The acquired, or adaptive, immune response plays an 
important role during GIN infection, during which dendritic cells process and display 
parasite peptides on their MHC molecules, activate T cells either locally or by migrating 
to the lymph nodes  (Lee et al. 2011). T helper 2 (TH2) cytokine responses, which are 
essentially antibody-mediated responses, are typically induced by GIN infections, 
although T helper 1 (TH1) cytokine responses, cell-mediated and inflammatory 
responses, can also occur (Maizels & Yazdanbakhsh 2003). Resistance to GIN typically 




The MHC plays an important role in mounting an immune response to GIN, and 
associations between MHC genes and disease in sheep have received much attention in 
an attempt to understand the processes influencing disease, as well as to develop 
marker-assisted breeding for resistance (Dukkipati et al. 2006b; Stear et al. 2007; Lee 
et al. 2011). Table 1.1 summarises association studies that have been carried out in 
domestic sheep O. aries on a variety of disease measures, including GIN burden 
measures such as faecal egg counts (FEC), viral diseases and bacterial infections, as well 
as immune response and fitness measures. All studies identified associations between 
MHC class IIa genotypes and traits of interest, although not necessarily for all traits 
studied, suggesting that the class IIa genes are involved in resistance or susceptibility 
to disease. Few studies have investigated the associations between class I and disease, 
and most have used class I antigen serotypes rather than sequence based methods 
(Dukkipati et al. 2006b), possibly due to the technical challenges in genotyping this 
region (see above). However, Figueroa Castillo et al. (2011) did identify an association 
between an allele at the class I linked microsatellite OMHC1 and reduced FEC and blood 
eosinophil counts. No such association with FEC was identified in a previous study in 
Soay sheep (Paterson, Wilson & Pemberton 1998). Few of these association studies in 
sheep have considered more than a single locus within an MHC class, and none 
characterised the diversity across the MHC class. Recently, the class II haplotypes were 
investigated in Texel sheep (Ali et al. 2016), though how these haplotypes relate to 









Table 1.1.  MHC class II association studies in O. aries. 
Breed Locus Genotyping 
method 





RFLP Lambs Footrot (Dichelobacter nodosus) Association between haplotype and 
resistance 
(Escayg, Hickford 
& Bullock 1997) 
Columbia, Polypay, 
Rambouillet 
DRB1 SBG Ewes Ovine progressive pneumonia virus Two alleles associated with reduced virus 
levels, as were particular amino acids within 
allelic sequences.  
(Herrmann-






DQA2 Unknown Ewes Footrot (Dichelobacter nodosus) Presence of DQA2-like sequence associated 
with reduced footrot 
(Ennen et al. 2009) 
Latxa DRB1 SBG Adults Ovine pulmonary adenocarcinoma and 
Maedi-Visni disease (viral) 
Alleles associated with susceptibility and 
resistance to diseases  




DQA2 SSCP & direct 
sequencing 
Ewes Lamb weights, milk production and 
serum protein measures 
Genotypes & SNPs associated with milk and 
serum protein measures 
(Dehkordi & 
Zamani 2015) 
Merino DRB1 Microsatellites Lambs              
(4 months) 
Antibody responses to nematodes Alleles associated with resistance (Outteridge et al. 
1996) 




DQA1 SSCP Lambs (male; 
4, 9 months) 
FEC DQA1*null not associated with FEC overall, 
but DQA1*null genotype associated with 
reduced FEC at 4 months in SA Meat Merino 







Lambs GIN resistant vs susceptible lines DQA1*null associated with susceptible line, 
but probably due to linkage with other alleles,  
(Keane et al. 2007) 





FEC Genotypes associated with FEC count (Charon et al. 
2002) 
Polish Heath DRB1 Microsatellite 
(OLADRB) 
Lambs (6, 12, 
24 months) 
Immune cell counts, Somatic cell count 
(mammary gland status) 
One allele associated with both increased 
immune cell and somatic cell counts 








Breed Locus Genotyping 
method 
Age groups Traits Result Reference 
Scottish Blackface DRB1 Microsatellite Various FEC Specific allele associated with reduced FEC (Buitkamp & 
Epplen 1996) 
Scottish Blackface DRB1 Microsatellite Various FEC Common allele associated with reduction in 
FEC in lambs 
(Schwaiger et al. 
1995) 
Scottish Blackface DRB1 Microsatellite Lambs              
(4 month) 
FEC Allele likely to be associated with reduced 
FEC 
(Stear et al. 1996) 
Scottish Blackface DRB1 Microsatellite Lambs FEC Allele associated with reduced FEC (Stear, Innocent & 
Buitkamp 2005) 
Scottish Blackface Unkonwn Microsatellite Lambs             
(4-6 months) 
FEC; Plasma anti-T. circ IgA QTL on chromosome 20 within MHC region 
identified for both traits 
(Davies et al. 2006) 
Scottish Blackface, 
Sarda x Lacaune, 
Martinik Black-Belly 
x Romane 
SNP  Various FEC QTL on chromosome 20 for Sarda x Lacaune 
population only 
(Riggio et al. 2014) 







Lambs             
(4 months), 
yearlings 
FEC over-winter survival Different DRB1 alleles each associated with 
reduced survival and increased FEC in lambs 
or with increased survival and reduced FEC 
in yearlings 
(Paterson 1998) 
Suffolk DRB1 SBG  Lambs Worm burden, FEC, abomasal mast 
cell counts, immunoglobulin measures, 
haematological measures 
DRB1*1101 carriers had reduced burden, 
higher mast cells and plasma platelet counts 
(Hassan et al. 
2011) 
Suffolk & Texel DRB1 SBG Lambs              
(2 months) 
FEC One allele associated with reduced and two 
with increased FEC in Suffolk but not Texel 
sheep 





1.7 Soay sheep study system 
The Soay sheep are descendants of an early domestication of sheep, O. aries, that have 
been living feral and virtually unmanaged on the remote island of Soay for thousands of 
years, and have continued to remain an unmanaged, wild population since the 
translocation of 107 sheep to the island of Hirta in 1932 (Clutton-Brock, Pemberton & 
Coulson 2004b) (Figure 1.5a). The Village Bay population (Figure 1.5b), which 
comprises between a quarter and a third of the population on Hirta (Clutton-Brock et 
al. 2004a), has been the focus of intensive study since 1985. The sheep are individually 
tagged as newborn lambs (Figure 1.5c), allowing the collection of life history data at an 
individual scale, as well as accurate population level data. Data and samples collected 
on newborns include weight, ear clips for genetic analysis and blood for analysis of 
immune measures. During August, the sheep are rounded up and morphometric 
measures, faecal samples for parasitological measures, and blood samples for immune 
measures are taken. Vegetation and climatic data are collected throughout the year. All 
breeding attempts and mortality is monitored, which along with a genetic pedigree 
based on hundreds of SNP loci, provide complete life history information for most 
individuals. 
This long-term study provides a unique study system in which to investigate 
evolutionary and ecological questions, in part due to its relative simplicity compared to 
most ecological systems. Situated on a remote island, the Soay sheep population is 
effectively closed to migration. Predation is extremely limited and has virtually no 
impact on the population (Clutton-Brock et al. 2004b), and there are no food 
competitors (Crawley et al. 2004). The population undergoes large fluctuations in 
population density (Boyd et al. 1964), typified by high winter mortality following 
several years of population growth (Clutton-Brock et al. 2004a). Population dynamics 
in the Soay sheep are driven primarily by climate (wet, stormy winters increase 
mortality) and food limitation due to high population density (Clutton-Brock et al. 
2004a). Furthermore, fluctuations in the demography of the population varies 
independently of the population size, and high post-winter mortality is more likely to 
occur under poor conditions when the population contains higher proportions of 






Figure 1.5. The Soay sheep are studied on the island of Hirta, St. Kilda (a), which is located 
off the west coast of Scotland.  The individuals which live within the skyline of Village Bay (b) 
on the south-east of the island are tagged shortly after birth (c), and caught in August (d) 





The parasite community within the Soay sheep is relatively well understood (Table 1.2;  
Wilson et al. 2004). Being an island system, parasite diversity is limited by their ability 
to reach the island, lack of vectors or intermediate hosts and ability to live endemically 
in a small host population (Wilson et al. 2004). The parasite community is therefore 
composed primarily of species with direct life-cycles and limited pathogenicity. Annual 
measures of individual sheep parasite burdens are collected using the indirect measure 
of faecal egg count (FEC – nematodes, tapeworms), faecal oocyte count (FOC – 
protozoa) and absolute counts (flies) (Table 1.2).  
 
Table 1.2. Parasite species known to infect Soay sheep. During the summer catch, 
measures of parasite burden are collected as detailed. Counts are combined for strongyle 
species and Nematodirus species. 
Taxon Species name Yearly measures 
Nematodes Capillaria longipes FEC 
 Trichuris ovis FEC 
 Nematodirus battus FEC Nematodirus 
 
 
 Nematodirus filicollis 
 Nematodirus helvetianus 






 Chabertia ovina 
 Stongyloides papillosus 
 Teladorsagia circumcincta 
 Trichostrongylus axei 
 Trichostrongylus virtinus 
 Dictyocaulus filaria Not measured 
 Muellerius capillaris Not measured 
Tapeworms Monezia expansa Faecal presence/absence 
 Taenia hydatigena Not measured 
Lice Damalina ovis Not measured 
Flies Melophagus ovinus Absolute count 
Bacteria Dermatophilus congolensis Not measured 
Protozoa Cryptosporidium parvum Not measured 
 Eimeria species x11 FOC Coccidea 
  Giardia duodenalis Not measured 
Source: Wilson et al. 2004 
Parasites are known to be an important selective force in the system. Individuals with a 
greater parasite burden are more likely to die earlier in a population crash (Gulland 
1992); survival was greater in female lambs and male yearlings treated with an 
anthelminthic bolus prior to the 1992 crash than untreated controls (Gulland et al. 




Although winter climate and lack of forage due to high sheep density are the primary 
drivers of the population crashes that occur in the Soay sheep (Clutton-Brock et al. 
2004a), parasite resistance is likely to be a key factor in determining which individuals 
survive high mortality winters and must, therefore, be under strong selection (Gulland 
1992). Resistance to GIN, measured as FEC, is heritable in lambs (0.26 ± 0.12 Beraldi et 
al. 2007) and has a low heritability in adults (Females:  0.0 – 0.05 ± 0.02, Males: 0.0 – 
0.12 ± 0.03 (Beraldi et al. 2007; Robinson et al. 2009)), demonstrating that there is a 
genetic basis to GIN resistance.  
Discriminating between modes of selection acting on the MHC will only be possible 
within a study system which is simple but not pathogen depauperate, and for which 
genotypic and phenotypic data are available at both sufficient temporal and spatial 
scales (Spurgin & Richardson 2010). The Soay sheep data are therefore well suited for 
such analysis. The population is spatially heterogeneous both genetically (Coltman, 
Pilkington & Pemberton 2003; Charbonnel & Pemberton 2005) and parasitologically 
(Wilson et al. 2004), with parasitological data already existing over a 30 year period. 
Finally, the extensive individual-based life-history data and immunological measures 
available will enable the relationships between MHC genotype, fitness and immune 
function to be investigated. Associations with fitness measures, including lifetime 
reproductive success and survival, may provide insight into the impact of MHC 
haplotype on individual fitness. Long-term data on parasitaemia is available as an 
indirect measure of parasite burden, FEC. FEC has been shown to correlate with worm 
burden within this study population (Wilson et al. 2004) and therefore should be 
valuable in assessing association between MHC haplotype and parasite resistance. 
Furthermore, a variety of immune measures have been collected (Graham et al. 2010; 
Nussey et al. 2014) which can be investigated in relation to MHC variation and fitness.  
1.7.1 MHC in the Soay sheep 
Associations between MHC genotype, parasitaemia and fitness have been investigated 
in the Soay sheep previously, using linked microsatellite markers (Paterson 1996, 
1998; Paterson et al. 1998), but in light of the foregoing, they should perhaps be treated 
as preliminary. Alleles of the OLADRB microsatellite, located adjacent to the Ovar-DRB1 
exon 2, were found to be associated with survival in lambs and yearlings, and parasite 
resistance (FEC) in lambs (Paterson et al. 1998). OLADRB microsatellite allele 




balancing selection (Paterson 1998). Further investigation of the DRB1 locus itself 
showed evidence that selection has operated over the history of the population, as the 
non-synonymous substitution rate was greater than for synonymous substitutions at 
the PBR (Paterson 1998). Evidence is therefore strongly suggestive that balancing 
selection operates at DRB1 in the Soay sheep. Furthermore, Charbonnel and Pemberton 
(2005) found that OLADRB microsatellite alleles varied spatially and temporally within 
the Soay sheep (independently of neutral loci), indicative of fluctuating selection. No 
evidence has been found to suggest that MHC disassortative mating operates within the 
Soay sheep (Paterson & Pemberton 1997). The strengths of conclusions drawn from 
these studies, however, are limited as they suffer from a number of the limitations 
discussed in section 1.5. Firstly, microsatellite genotypes rather than expressed locus 
genotypes were assessed (Paterson et al. 1998; Charbonnel & Pemberton 2005). 
Paterson et al. (1998) genotyped three microsatellite loci, two class II associated with 
DRB1 (OLADRB and OLADRBps) and one class I (OMHCI); however the association 
between OMHCI and any expressed variation was unknown and may not reflect 
functional MHC class I variation (Paterson 1998). Thus, only a single class II locus has 
been effectively analysed.  
1.8 Thesis outline 
In this thesis, I aim to use advances in genotyping methodologies for the MHC class IIa 
region to generate haplotype data for the Soay sheep population to investigate how 
balancing selection acts on this region using the extensive phenotypic data collected 
over 30 years. The following sections provide a brief overview and the aims of each 
chapter.  
1.8.1 Chapter 2: Major histocompatibility complex class IIa 
haplotypes in the Soay sheep population 
In chapter 2, I use genotyping-by-sequencing methods developed for domestic sheep to 
characterise seven loci within the class IIa region. These loci are DRB1, DQA1, DQA2, 
DQA2-like, DQB1, DQB2 and DQB2-like. Using a strategic genotyping strategy, I 
genotyped DRB1 in 118 sheep randomly selected from four cohorts to identify 
homozygous sheep, which were subsequently genotyped at the remaining six loci. A 




the identified haplotypes held true in a sample not selected on the basis of 
homozygosity. 
1.8.2 Chapter 3: Selection and testing of a custom SNP panel for 
rapid determination of Class IIa haplotypes in large numbers of 
Soay sheep 
In chapter 3, I make use of the haplotype information from chapter 2 to develop a SNP 
based genotyping system for the class IIa loci. I use previously collected genotype data 
from the Ovine Infinium HD Beadchip (with 8420 variable SNPs on chromosome 20) to 
identify a linkage region around the class IIa genes. From the subset of SNPs within the 
identified linkage region, I identify a panel of 11 SNPs that can be used to infer the class 
II haplotype, and add two intragenic SNPs which are capable of detecting a 
recombinant haplotype identified by the Ovine Infininium HD Beadchip analyses. 
Finally, I test this panel of 13 SNPs on a sample of the Soay population using 
Kompetitive Allele Specific PCR. I discuss the success of the KASP SNP panel, and the 
ability of the intragenic SNPs to detect the recombinant haplotype.  
1.8.3 Chapter 4: Kompetitive Allele-Specific PCR (KASP) 
genotype analysis of MHC class IIa haplotype diversity in a large 
sample of Soay sheep 
In chapter 4, I genotype a large proportion of the Soay sheep population born between 
1985 and 2012 using the KASP SNP panel developed in chapter 3. I then discuss the 
quality control measures applied to assess the genotyping quality through assessment 
of individual genotyping rate, consistency of genotypes for a repeatedly genotyped 
control sample, and use of Mendelian inheritance checks. I also discuss identifying the 
source of the recombination event (identified in chapter 3) and its inheritance 
throughout the individual’s descendants. Finally, I investigate whether the data are in 
Hardy-Weinberg Equilibrium, whether this changes over time or at different life-
history stages, and whether diplotype frequencies vary over time.  
1.8.4 Chapter 5: Associations between haplotypes and health-
related phenotypes 
Chapter 5 investigates whether haplotypes are associated with trait values and begins 
to disentangle the mechanisms of balancing selection by asking whether class IIa 
heterozygosity or haplotypes are associated with health-related phenotypes. The 




Teladorsagia circumcincta IgA, IgE and IgG, and FEC. First, I test for associations 
between heterozygosity status and trait variation, and then for associations between 
haplotype presence or absence, or haplotype dosage (absent, one copy, two copies) and 
traits using mixed effects models. Because related individuals are included within this 
data, I also conduct these tests using animal models to account for similarity in trait 











2. Major histocompatibility complex 










Rival theories for the evolution and maintenance of exceptional diversity at the MHC 
are difficult to discriminate, especially when the region is poorly characterised. The 
mode of selection would be best studied using well-characterised haplotypes bearing 
combinations of alleles at different adjacent expressed loci. A structured sequence-
based-genotyping strategy was used to identify alleles at seven MHC class IIa loci in a 
sample of 118 Soay sheep selected at random from four cohorts spanning 15 years of 
the St. Kilda study. DRB1 is the best characterised and most polymorphic locus in sheep, 
and this was characterised first in all 118 sheep. Then, the DQA and DQB loci were 
characterised using DRB1 homozygotes (from gDNA or cDNA). Eight haplotypes were 
identified within the Soay sheep population, with some alleles shared across 
haplotypes. A test sample of 94 further individuals typed at DRB1 and DQA loci found 
no exceptions to the eight identified haplotypes, and haplotype homozygosity rate of 
21.3 %. Both DQ1/DQ2 and DQ2/DQ2-like haplotype configurations were identified, as 
well as a haplotype carrying a DQB1 and two DQB2 alleles.  
2.2 Introduction 
The major histocompatibility complex (MHC) is a genomic region containing highly 
polymorphic genes which encode cell surface proteins involved in the presentation of 
pathogen-derived peptides to T cells, enabling an immune response (Klein 1986). 
Pathogen-mediated balancing selection is now commonly recognised as the major 
driver of genetic variation at the MHC, but the different, though not mutually exclusive, 
mechanisms which could be operating (heterozygote advantage, frequency dependent 
selection and fluctuating selection) are difficult to differentiate because their predicted 
effects on MHC dynamics are very similar (Spurgin & Richardson 2010). For example, 
rare alleles which are advantageous under frequency-dependent selection most 
commonly occur in heterozygotes, which are advantageous under heterozygous 
advantage (Apanius et al. 1997). The challenge of disentangling the effects of different 
modes of balancing selection is made worse if MHC genotyping methods are imprecise, 




The class IIa loci exhibit high linkage disequilibrium (LD) (Lee et al. 2012), which can 
make it difficult to disentangle the effects of alleles and haplotypes (Stear et al. 2007; 
Ali et al. 2016). Due to the technical challenges of genotyping the MHC in non-model 
species, many studies take advantage of this linkage disequilibrium between loci and 
genotype a single locus, assuming that this is representative of the full haplotypic 
diversity (e.g. Babik et al. 2005; Harf & Sommer 2005; Bollmer et al. 2007; Biedrzycka 
et al. 2011; Gelasakis et al. 2013; Kamath et al. 2014; see Appendix A). However, 
despite high LD, selection favouring particular alleles could mean that some alleles at 
specific loci are identical across different haplotypes (de Bakker et al. 2006; Traherne 
et al. 2006). For example, in sheep, an allele at one locus can be found in combination 
with multiple alleles at other loci (Hickford et al. 2007; Ballingall et al. 2015; Ali et al. 
2016). Genotyping only a single locus may disguise variation at other loci, reducing the 
power to detect differing selection pressures. This highlights the need to characterise 
haplotypic variation when studying the MHC.  
The highly complex and polymorphic nature of the MHC region has made it a focus of 
many studies in immunology and evolution. However, these features make it difficult to 
genotype individual loci. Over evolutionary time, mammalian MHC loci can be viewed 
as going through a birth and death process  (Nei et al. 1997). New MHC loci are thought 
to be created through gene duplication events, resulting in multiple loci harbouring 
similar or identical alleles. Some are lost through decay, producing pseudogenes and 
gene fragments which are characteristic of mammalian MHC regions. Additionally, 
allelic diversity within MHC loci is high, and selection appears to favour the 
maintenance of numerous divergent alleles within a population. Locus-specific assays 
can be challenging to develop, as multiple loci and pseudogenes may co-amplify with 
primers that are too generic, and allelic dropout may occur with primers that are too 
specific (Babik et al. 2009). Ideally, a study of selection on the MHC would overcome 
the problem of accurate genotyping of multiple loci, identify the haplotypes present and 
study selection on haplotypes or diplotypes in a large sample of individuals. 
The unmanaged but intensively studied Soay sheep (O. aries) population on the island 
of Hirta, in the St. Kilda archipelago, Scotland, presents an excellent opportunity to 
study MHC selection in a large mammal. Since 1985 individual-level data on phenotypic 
traits, parasite burdens  and life-history and have been collected for many hundreds of 
individuals (Clutton-Brock et al. 2004b). Gastrointestinal nematodes are important 




summer are less likely to survive the subsequent winter (Wilson et al. 2004; Hayward 
et al. 2011, 2014a). Moreover, the Hirta population of Soay sheep originated from 107 
animals which were translocated from the neighbouring island of Soay in 1932 
(Clutton-Brock et al. 2004b). These 107 sheep included 20 rams, 44 ewes, 21 ewe 
lambs and 22 castrated ram lambs (Boyd 1953; Boyd et al. 1964). The founding 
population thus consisted of 85 animals which could potentially contribute to the gene 
pool, with an estimated effective population size (Ne) of approximately 61.2 individuals 
(calculated as  
𝑁𝑒 =
(4 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑙𝑒𝑠 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠)
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑙𝑒𝑠 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒𝑠)
 
to account for a smaller number of breeding males than females Charlesworth 2009). 
Additionally, the original population on the island of Soay is itself is only a few hundred 
individuals at any one time (Clutton-Brock et al. 2004b). MHC variation within the 
study population is therefore expected to be more limited when compared with larger 
populations experiencing immigration. Fully characterising the MHC class IIa haplotype 
variation within the Soay population might, therefore, be feasible.  
The two major families of antigen-presenting MHC molecules are class I, which present 
endogenous antigens (primarily from intracellular pathogens) to CD8 cells, and class II 
which present exogenous antigens (primarily from extracellular pathogens) to CD4+ T 
cells (Klein 1986). Unusually, within ruminants, the class II region is split into two 
distinct subregions, class IIa and IIb (Andersson et al. 1988; van Eijk et al. 1995). The 
classical class IIa loci, which have previously been associated with parasite resistance 
(see Lee et al. 2011), are clustered in the class IIa region. These include the highly 
polymorphic DRB1, DQA and DQB loci, and the less polymorphic DRA (Ballingall et al. 
2010). Duplicated pairs of DQA and DQB loci have been identified in domestic sheep, 
Ovis aries (Scott et al. 1987; Wright & Ballingall 1994; Ballingall et al. 2015, 2017 in 
press). Three types of DQA alleles (DQA1, DQA2 and DQA2-like; (Ballingall et al. 2015) 
and DQB alleles (DQB1, DQB2 and DQB2-like) (Ballingall et al. 2017 in press) have been 
identified. Whilst DQA1 and DQA2 are known to be different loci, as are DQB1 and 
DQB2, origins of the DQA2-like and DQB2-like alleles are less well understood. Typically, 
DQA2-like and DQB2-like alleles are found on haplotypes in conjunction with DQA2 and 
DQB2, on which the DQA1 and DQB1 loci are absent. Therefore, the two typical 
haplotype configurations are DQA1+DQA2 with DQB1+DQB2 and DQA2+DQA2-like with 




loci or are simply divergent alleles at the DQA1 and DQB1 loci is still not clear 
(Ballingall et al. 2015, 2017 in press). A recent study by Ali et al. (2016) identified 
haplotypes with all three allele types, which would suggest that the DQA2-like and 
DQB2-like alleles are derived from independent loci. 
A previous study of MHC variation in Soay sheep using the OLADRB microsatellite 
located in the second intron of the class IIa locus DRB1 found evidence for selection 
acting on this region (Paterson et al. 1998). Paterson et al. (1998), found that a specific 
OLADRB allele was associated with increased yearling survival and parasite resistance, 
while another allele was associated with reduced survival and parasite resistance in 
lambs, suggesting that different MHC alleles may confer differing advantages at 
different life history stages.  However, as outlined above, how well the single OLADRB 
microsatellite locus represents diversity across the MHC class IIa region of the Soay 
sheep is not clear.  Since the Paterson et al. (1998) study, single locus genotyping 
methods targeting the polymorphic regions of the classical class IIa loci have been 
developed for domestic sheep. These include DRB1  (Ballingall & Tassi 2010), DQA 
(Ballingall et al. 2015) and DQB (Ballingall et al. 2017 in press). In this study, my aims 
were (1) to genotype a sample of Soay sheep at the classical DRB1 and DQ loci using 
sequence-based genotyping and (2) to define the class IIa haplotypes in the study 
population. Characterising the class IIa loci in this population will facilitate the 
development of a method to determine haplotypes for large numbers of individuals, 
enabling subsequent investigation of the evolutionary mechanism maintaining 
diversity within this region.  
2.3 Methods 
2.3.1 Study system 
Monitoring of Soay sheep in the Village Bay area on Hirta has been carried out 
intensively since 1985 (Clutton-Brock et al. 2004b), including catching lambs in spring 
for weighing, ear-tagging and sampling for genetic analysis. Most sheep are also caught 
in August, when phenotypic measurements, faecal samples for strongyle egg counts and 
blood samples are taken. During the August catches of 2012 to 2014, aliquots of blood 




2.3.2 Sequence-based genotyping 
2.3.2.1 DRB1 genotyping  
The DRB1 locus is the best characterised class II locus in O. aries, and the 
Immuno Polymorphism Database (IPD-MHC - http://www.ebi.ac.uk/ipd/mhc/ovar/) 
contains over 100 alleles and a corresponding allelic nomenclature. Locus-specific 
primers and a sequence based genotyping method targeting the polymorphic second 
exon have previously been described (Ballingall & Tassi 2010). The primer pair 330_F 
and 329_R (Ballingall & Tassi 2010) was tested initially, as it generates full DRB1 exon 2 
sequences. However, due to a 1 bp deletion in the DRB1*13:01 allele, the forward 
primer 455_F (a modification described in (Corbishley et al. 2016)) which sits 
downstream of the deletion was used in preference (Table 2.1). Between 27 and 31 
sheep were randomly selected from each of four cohorts (1993, 1998, 2003, 2008) and 
genotyped to determine allelic diversity within the Soay population and to identify 
DRB1 homozygous individuals for subsequent analysis of DQ diversity.  
2.3.2.2 DQA genotyping  
For each DRB1 allele identified, four DRB1 homozygous individuals were genotyped at 
the DQA loci (DQA1, DQA2 and DQA2-like). DRB1 homozygous individuals were selected, 
as they were more likely to be homozygous at DQ loci due to linkage disequilibrium. 
Allele (DRB1*10:01) was not identified in homozygous form and thus DQA and DQB 
haplotypes were determined from heterozygous individuals. Primers DQA1_F and 
DQA1_R were used to amplify DQA1 and primers DQA2_F and DQA2_R were used to 
amplify DQA2 and DQA2-like (Table 2.1). For individuals that were homozygous at the 
haplotype level and carried the DQA2/DQA2-like configuration, the DQA1 primers were 
expected to fail to generate a PCR product and the DQA2 primers were expected to 
generate a heterozygous product.   
2.3.2.3 DQB genotyping  
DQB loci (DQB1, DQB2 and DQB2-like) were characterised in individuals which were 
both DRB1 and DQA homozygous, and from heterozygous individuals for DRB1*10:01. 
Primers DQB-F and DQB1-R or DQB2-R were used to amplify the DQB loci (Table 2.1). 
DQB primers were not completely locus-specific and some cross-amplification was 




2.3.2.4 PCR amplification 
PCR reactions were carried out in a final volume of 25 µL and contained 12.5 μL 
Promega GoTaq Green mastermix, 0.5 µM of each primer, approximately 25 ng genomic 
DNA and water. Cycling conditions were 94 °C for 5 mins, then 35 cycles of 94 °C for 
30 or 60 s, 55-58 °C for 30 or 60 s, and 72 °C for 30 or 60 s (see Table 2.1), and a final 
extension of 72 °C for 5 mins. PCR products were checked using gel electrophoresis on 
a 1 % agarose gel.  
2.3.2.5 RT-PCR amplification of full length DQ transcripts 
Full length transcripts amplified from RNA were required for previously unidentified 
alleles. For individuals for which Tempus™ Blood RNA Tubes were available (see Study 
system), DRB1 and DQA loci were amplified from genomic DNA to identify homozygous 
individuals for RNA extraction. Total RNA was extracted from 3 mL of Tempus tube 
blood stored at -20 °C using the Tempus™ Spin RNA Isolation Kit (ThermoFisher 
Scientific) at half the recommended volumes. Reverse Transcription was carried out 
using the ImProm-II™ kit (Promega) with oligo(dT)15 primers. RT-PCR reactions were 
carried out using the primer combinations described in Table 2.1. No single primer set 
amplified all alleles. As RNA was not available for any individuals homozygous for 
haplotype H, F/H heterozygous individuals were used instead.  
2.3.2.6 Cloning of multi-allelic PCR products  
In order to phase novel alleles from heterozygous or multi-locus amplifications, they 
were cloned into the pGEM-T easy vector (Promega). Presence of the PCR insert was 
confirmed using colony PCR and plasmid DNA from 12 to 20 colonies was purified for 
sequencing using QIAprep Spin Miniprep Kit (Qiagen).  
2.3.2.7 Sequencing and sequence analysis  
PCR products were purified using exonuclease I and Antarctic phosphatase, except 
DQB2 PCR products which were gel-purified using the Macherey-Nagel Nucleospin Gel 
and PCR Clean Up kit, prior to Sanger sequencing. Alleles were sequenced using BigDye 
3.1 chemistries on an AB 3730 genetic analyser. 
Sequence analysis was carried out in Geneious 7.1.9. For DRB1 sequences, 
heterozygous peaks were called using the Heterozygote Plugin and checked by eye. 
DRB1 sequences were then compared to alleles from the IPD-MHC database using a 
custom BLAST. DRB1 genotypes were called when known alleles accounted for all 




DQA and DQB sequences were also analysed using the Heterozygote Plugin within 
Geneious 7.1.9 to call heterozygous peaks. Due to multi-locus amplification, some sites 
contained three or four peaks, which were called by eye. A custom BLAST was used to 
compare sequences to an appropriate DQA database (Ballingall et al. 2015) or DQB 
database (Ballingall et al. 2017 in press). Genotypes were only called when all variants 
were accounted for by known alleles. Following cloning and RT-PCR of unknown 
alleles, the custom BLAST was updated to include these. Uncalled sequences were then 
compared to the updated database and assigned temporary nomenclature (see 
Appendix B).  
2.3.3 Phylogeny of DQB 
Due to the lack of locus-specific DQB primers, loci could not be determined for all 
amplified alleles, and thus a phylogeny of the DQB sequences was generated in an 
attempt to determine their DQB locus of origin. The DQB alleles sequenced here were 
aligned using Clustal Omega (Sievers et al. 2011) with previously identified DQB 
sequences from O. aries (Ballingall et al. 2017 in press), Bos taurus, and B. mutus. The 
human DQB sequence (accession number M24364.1) was used as an outgroup. Model 
selection for MrBayes, implemented in Topali v2 (Milne et al. 2009), selected the K80 
model of DNA substitution (Kimura 1980) with gamma distribution. The phylogeny 
was generated in Geneious v7.1.9 using MrBayes 3.2.6 (Huelsenbeck & Ronquist 2001) 
using 1,000,000 generations.   
2.3.4 Pairwise amino acid differences 
The total number of amino acid differences between haplotypes was calculated in 
MEGA 7.0.21 (Kumar, Stecher & Tamura 2016) from exon 2 of DRB1, DQA1 or DQA2-
like, DQA2, DQB1 or DQB2-like and DQB2. Haplotype G was included twice with either 
HHDQB1N or HHDQB2B1 as the DQB2 allele. DQB sequences were unknown for 
haplotype D, and so the total number of amino acid differences for DRB1, DQA1 or 
DQA2-like, DQA2 only were calculated for this haplotype.  
2.3.5 Validation of haplotypes 
To confirm that the haplotypes characterised in homozygous individuals were 
consistent, DRB1 and DQA loci were genotyped in 95 sheep of unknown MHC 
genotypes. These sheep were not first order relatives and were born between 1984 and 




HD SNP BeadChip for a previous study (Johnston et al. 2016). These individuals 
represent the maximum genetic variation within the population for the given number 







Table 2.1. Details of the primers used and their PCR conditions. 
Target Loci DNA target Primer name Primer sequence TA PCR cycle times (secs) Primer reference 
DRB1 gDNA 330_F ATTAGCCTCYCCCCAGGAGKC 55 
30, 30, 30 
(Ballingall & Tassi 2010) 
  
455_F TATCCCGTCTCTGCAGCACATTTC 58 (Corbishley et al. 2016) 
  
329_R CACCCCCGCGCTCACCTCGCCGC 55-58 (Ballingall & Tassi 2010) 
DQA1 gDNA DQA1_F ACCTGACTCACCTGACCACA 55 
60, 60, 60 
(Ballingall et al. 2015) 
 
  
DQA1_R AACACATACTGTTGGTAGCAGCA 55 
DQA2 and 2-like gDNA DQA2_F ACTACCAATCTCATGGTCCCTCT 58 
  
DQA2_R GGAGTAGAATGGTGGACACTTACC 58 
DQA1 and 2 cDNA 244_F GCTGAGMCCACCTTGAGAASAG 55 
60, 60, 60 (Ballingall et al. 2015) 
  241_R TGAGATGATACAGCATCTTAAGTCC 55 
DQA1, 2 and 2-like cDNA 348_F GAGGATGGTCCTGAACAGAGC 55 
  357_R GAGGAGGGCAGAAGAAGAAAA 55 
DQB gDNA DQB_F CCCCGCAGAGGATTTCSTG 58-60 
30, 30, 30 (Ballingall et al. 2017 in press) DQB1 gDNA DQB1_R CGGCACTCACCTCGCCGCTGC 60 
DQB2 and 2-like gDNA DQB2_R ACGCTCACCTCGCCGCTGCC 58 
DQB1 and 2 cDNA 245_F TGGGTGTTGACTACCATTAST 55 
60, 60, 60 (Ballingall et al. 2017 in press) 
  248_F ACGCASSYATTAYAGAAGAGC 55 
DQB2-like cDNA 392_F ATTAGTTGTTCCTTTTTTCTC 55 
  395_R AAAATATCCTCAGGAGTCAGC 55 






2.4.1 Sequence-based genotyping 
2.4.1.1 DRB1  
Six DRB1 alleles were identified among the 118 individuals from the four cohorts born 
in 1993, 1998, 2003 and 2008. All six alleles were represented in the IPD-MHC 
database and each allele was assigned to an individual haplotype (A-F, Table 2.2). Allele 
frequencies are shown in Figure 2.1. Alleles *01:01, *01:02 and *22:01 appear at the 
highest frequencies in all four cohorts while *03:02, *10:01 and *1301 are consistently 
the three lowest frequency alleles. In total, 33 (27.5 %) DRB1 homozygous sheep were 
identified, with five of the six DRB1 alleles represented by a minimum of three 
homozygous individuals. The allele at the lowest frequency, DRB1*10:01 (Figure 2.1), 
was only observed in six heterozygous individuals.  
 








Table 2.2. MHC class IIa haplotypes identified in the Soay sheep across DRB1, DQA and DQB loci. A * preceding the allele name indicates 
nomenclature follows IPD guidelines (Marsh et al. 2010) - only DRB1 alleles were included in the IPD for O. aries at the time or writing. DQ alleles 
which have not been previously described by Ballingall et al. (2015) or Ballingall (in press), or were identified by this study and assigned IPD 
nomenclature within Ballingall (in press) are highlighted in bold and were named according to the GenBank sequence which they match or were 










a Phylogenetic relationship of this allele remains unclear as both haplotype F alleles fell within the DQB2 cluster (see Figure 2.4), although NewF was grouped with 
another DQB1 allele within the DQB2 cluster. The most parsimonious assumption is that NewF is DQB1. 
 
 
Haplotype DRB1 DQA1 DQA2 DQA2-like DQB1 DQB2 DQB2-like 
A *01:01  NewA NewA  *09:01 *03:01 
B *01:02 *03:01:01 *01:01:01  *02:01:01 *04:01:01  
C *03:02 Z28420 *07:01:01  AJ238933  AJ238945  
D *10:01 *03:01:01 *02:01:01   Unknown sequence  Unknown sequence   
E *13:01   *01:02:01 *01:01:01  *10:01 *01:01:01  
F *22:01 NewF NewF    NewFa AJ23941  
G *01:01  *01:02:01 *01:01:01  *09:01 
& *12:01 
 *01:01:01  




2.4.1.2 DQA loci  
DQA genotyping of DRB1 homozygous individuals and DRB1*10:01 heterozygotes 
provided evidence for an additional two haplotypes (G and H) (Table 2.2). The 
DRB1*01:01 and DRB1*22:01 alleles were each associated with two different DQA 
haplotypes. DQA1 primers failed to amplify a product in three haplotypes, (DQA1 null 
haplotypes, A, E and G). In each of these haplotypes a DQA2-like allele was identified.  
Six DQA alleles did not match full length sequences described in (Ballingall et al. 2015), 
and only one of these (DQA1*Z28420 on haplotype C) matched a sequence on GenBank 
(accession number Z28420). Full length transcripts (768 bp) were generated for six of 
these DQA alleles (Table 2.2). DQA1 could not be amplified from cDNA for haplotype C 
and nomenclature was not assigned. An alignment of the predicted DQα proteins is 




Figure 2.2. Predicted DQα sequences identified in Soay sheep. Sequences are numbered 
from the first amino acid of the mature protein. Dots (.) indicate identity to sequence 1 and 
dashes (-) indicate missing sequence. The haplotypes on which each allele is present is 





2.4.1.3 DQB loci  
Both gDNA and cDNA DQB primer pairs exhibited varying degrees of cross-locus 
amplification, dependent upon the alleles present (Table 2.3). The DQB2-like cDNA 
primers did not amplify any alleles from haplotypes known to carry a DQB2-like allele, 
likely due to polymorphisms at the primer binding regions but perhaps due to poor 
quality RNA samples.  
A single allele at each of the loci matched alleles in Ballingall et al. (in press), and a 
further two alleles at each of DQB1 and DQB2 matched alleles in GenBank (Table 2.2, 
Table 2.3). The remaining alleles were novel and were assigned temporary 
nomenclature (Table 2.2). Full-length sequences for the two novel alleles on haplotypes 
E and H could not be generated and full-length transcripts failed to amplify for the 
other five alleles in haplotypes C, F and H as shown in Table 2.3. Three DQB alleles were 
identified from haplotype G, two from gDNA only and one from cDNA only (Table 2.3). 
An alignment of the predicted DQα proteins is shown in Figure 2.4. 
DQB alleles on haplotype D, for which only heterozygous animals were available, could 
not be resolved. Sequences obtained using gDNA DQB1 and DQB2 primers were both 
heterozygous for the known allele from the alternative haplotype and a novel allele. 
Cloning DQB transcripts from an animal heterozygous for haplotypes B and D did not 
provide alleles from haplotype D, suggesting that the cDNA primers failed to amplify 






Table 2.3. DQB alleles identified for each class IIa haplotype. Allele name is shown as 
included in the DQB phylogeny. Success of the amplification from genomic DNA and cDNA 
is indicated. Numbers in brackets indicate which reverse primer (Table 2.1) was used in 
conjunction with the common forward primer. Sequences identified from gDNA which 
matched previously identified alleles were not sequenced from cDNA (NA). DQB locus 
assignment is based on the phylogenetic cluster the allele was located in, and the length of 
the allelic sequence included in the phylogeny is shown.  
 
a No homozygous animals found so both gDNA and cDNA amplification attempts were from 
heterozygous animals 
b Homozygous animals used for gDNA amplifications, but no RNA available for this haplotype thus 
cDNA amplification attempts made from heterozygous animals.  














A DQB2-like*03:01 Yes (1) Yes DQB2-like 894 
 
DQB2*09:01 Yes (1) Yes DQB2 897 
B DQB1*02:01 Yes (1) NA DQB1 887 
 
DQB2*04:01 Yes (1, 2) NA DQB2 891 
C AJ238933 Yes (1) No DQB1 270 
 
LN868258 Yes (2) No DQB2 270 
Da Unknown A Yes (1) No NA NA 
 
Unknown B Yes (2) No NA NA 
E DQB2*10:01 No Yes DQB2 870 
 
DQB2-like*01:01 Yes (1) NA DQB2-like 802 
F AJ23941 Yes (1, 2) No DQB2 270 
 
NewF Yes (1, 2) No DQB1/DQB2c 270 
G DQB2*12:01 No Yes DQB2 897 
 
DQB2*09:01 Yes (2) Yes DQB2 897 
 
DQB2-like*01:01 Yes (1) NA DQB2 802 
Hb NewH   Yes (1, 2) No DQB1 270 
 





Figure 2.3. Predicted DQβ sequences identified in Soay sheep. Sequences are numbered 
from the first amino acid of the mature protein. Dots (.) indicate identity to sequence 1 and 
dashes (-) indicate missing sequence. The haplotypes on which each allele is present is 
shown in brackets after the allele name.  
 
2.4.2 Phylogeny of DQB loci  
Phylogenetic analysis of the DQB loci revealed three distinct clusters, corresponding to 
the three loci DQB1, DQB2 and DQB2-like (Figure 2.4). All Soay DQB alleles are located 
within one of the three clusters. Alleles from each haplotype fell into two different 
clusters, with the following exceptions. Firstly, both of the haplotype F alleles fell into 
the DQB2 cluster, although the allele NewF was not a full-length sequence and did pair 
with another DQB1 sequence. Two alleles on haplotype G cluster within DQB2, 
however, this haplotype was found to have three alleles, and the third clustered most 





Figure 2.4. Phylogeny of DQB sequences estimated using MrBayes in Geneious. Letters in 
brackets indicate the Soay sheep haplotype that the allele was identified on. Numbers at 
branches are posterior probabilities. Alleles beginning Pa were not full-length DQB 
sequences (K. T. Ballingall, unpub).  
 
2.4.3 Pairwise amino acid differences 
The most similar haplotypes were haplotype G and either A or E each with 29 amino 
acid differences, depending on which of the two haplotype G alleles were included in 








Table 2.4. Proportion of pairwise number of amino acid differences within exon 2 between 
haplotypes. Pairwise differences below the diagonal are for DRB1, DQA and DQB, of a total 
of 433 amino acids (haplotype D excluded due to lack of DQB sequences). Pairwise 
differences above the diagonal are for DRB1 and DQA, of a total of 255 amino acids, to 
enable inclusion of haplotype D for which DQB alleles were not typed.  Haplotype G was 
included in the DQB analysis twice, with either DQB2*12:01 or DQB2*09:01 as the DQB2 
allele. 
 
A B C D E F G H 
A 
 
0.08 0.14 0.14 0.05 0.10 0.01 0.12 
B 0.14 
 
0.11 0.08 0.10 0.05 0.06 0.07 
C 0.21 0.16 
 
0.10 0.15 0.11 0.13 0.10 
D NA NA NA 
 
0.13 0.08 0.13 0.09 
E 0.15 0.17 0.24 
  
0.11 0.04 0.13 
F 0.18 0.13 0.19 NA 0.21 
 
0.09 0.07 
G (DQB2*12:01) 0.10 0.15 0.23 NA 0.07 0.21 
 
0.11 
G (DQB2*09:01) 0.07 0.13 0.21 NA 0.08 0.18   
H 0.19 0.10 0.16 NA 0.21 0.15 0.20 
  
2.4.4 Validation of sequences  
Direct sequencing of DRB1 and DQA loci in 94 individuals did not reveal any deviations 
from the allelic combinations identified using homozygous individuals. With the 
addition of the novel alleles on haplotypes C, F and H to the custom BLAST, alleles from 
all direct sequencing products could be determined, even from DQA2/DQA2-like 
heterozygous products from which four alleles co-amplified. Within these 94 
individuals, 21.3 % were homozygous.  
2.5 Discussion 
Six DRB1 alleles in Soay sheep were identified, which matched sequences previously 
identified in commercial Scottish sheep breeds and held in the IPD-MHC database. The 
level of homozygosity at the DRB1 locus was 27.1 % of 118 individuals, which is higher 
than previously observed in other breeds of sheep  (Stear et al. 2005; Herrmann-
Hoesing et al. 2008a). However, at the class IIa haplotype level, this is an over estimate 
of homozygosity as some individuals homozygous for DRB1*01:01 or DRB1*22:01 are 
heterozygous at DQA and DQB loci. The level of class IIa haplotype homozygosity 
reduced to 21.3 % in the 94 validation samples genotyped across the DRB1 and DQ loci. 




sheep diversity, so it is possible they are not totally representative of the population as 
a whole. No dramatic change in DRB1 allele frequencies was observed over time, but 
samples numbers were too small to analyse temporal trends statistically. Further 
investigation at the population level will provide better estimates of the level of 
homozygosity and whether haplotype frequencies have changed over time within the 
Soay sheep population.  
DQA and DQB genotyping revealed a total of eight class IIa haplotypes in the Soay 
sheep. DRB1 and DQA genotyping from class IIa homozygous animals was relatively 
straight forward due to locus-specific primers (although the DQA2 primer pair did co-
amplify DQA2-like alleles). DQB primer pairs, however, showed varying levels of cross-
amplification depending upon the alleles carried by the haplotype, which made phasing 
of alleles challenging without extensive cloning. The limited amount of class IIa 
haplotype diversity has made identifying variation at the DQA and DQB loci from 
homozygous animals possible. However, despite the limited variation, DQB allelic 
diversity from haplotype D could not be fully characterised due to the lack of available 
homozygous animals and limited numbers of heterozygous animals. Furthermore, 
assigning DQB alleles to loci was only possible using phylogenetic analysis. DQB 
genotyping would be improved by further development of locus-specific primers, 
although this is challenging due to limited genomic sequence in this region and the lack 
of locus-specific characteristics in exon 2 (van Oorschot et al. 1994; Wright & Ballingall 
1994). Both known DQ haplotype configurations (DQ1 + DQ2 and DQ2 + DQ2-like) were 
identified, as well as a novel configuration (two DQB2 alleles with DQA2 + DQA2-like + 
DQB2-like on haplotype G) in Soay sheep. Both DQB2 alleles on haplotype G were 
phylogenetically clustered within the DQB2 group (Figure 2.4), and feature DQB2 locus 
specific 3’ UTR sequences. The two DQB2 alleles were amplified from either cDNA 
(DQB2*12:01) or gDNA (DQB2*09:01). Whilst this might suggest that the 
DQB2*09:01allele is not transcribed, many of the DQB alleles identified from Soay sheep 
failed to amplify from cDNA. This probably reflects a combination of low cDNA quality 
and diversity in the primer binding sites. Whether the DQB2*09:01allele is transcribed 
or not remains uncertain.  It cannot be ruled out that haplotype G carries three DQB 
loci. A previous study of class IIa haplotypes in Texel sheep identified a single 
haplotype with three DQA and three DQB loci and another with two DQA and three DQB 
loci (Ali et al. 2016). Variation in the number of DQ loci and DQ haplotype 




An unusual allele was identified on haplotype A which was identical to the DQB-E1 
sequence described by Herrmann-Hoessing (Unpublished, Accession number 
HQ728697.1) and described here as DQB2-like*03:01. This sequence clustered with 
DQB2-like alleles, but did not carry the single codon deletion within the second exon 
described in other DQB2-like alleles (Ballingall et al. in press; Figure 2.3) but it does 
feature the typical DQB2-like 3’ UTR sequence. As haplotype A carries the DQA2 + DQA2-
like configuration, it would be expected that it also carries the DQB2 + DQB2-like 
configuration. Allele DQB2-like*03:01 appears, therefore, be a divergent DQB2-like 
allele.  
Numerous alleles were shared amongst the class IIa haplotypes within the Soay sheep. 
Pairwise alignment of the predicted amino acid sequences of second exons of the DRB1, 
DQA and DQB loci within each haplotype identified the greatest overall amino acid 
similarity between haplotypes A & G and A & E. However, the functional similarity of 
alleles is difficult to assess without detailed information on the diversity of peptides 
presented by each MHC molecule. 
Variation in MHC class II molecules is formed from the combination of α and β chains. 
DQ molecules are therefore the products of polymorphic DQA1 + DQB1 and DQA2 + 
DQB2 genes (Ballingall et al. 2017 in press). DQA2-like + DQB2-like combinations are 
likely to provide additional functional diversity as this combination has been shown to 
express at the cell surface following co-transfection (Ballingall et al. 2017 in press). 
Haplotype E and G share the same DQA2-like*01:01:01 + DQB2-like*01:01:01 allelic 
combination, so both haplotypes will generate the same DQ2-like molecule. Therefore, 
an individual homozygous or heterozygous for haplotypes E and G might have fewer 
DQ molecules compared to other haplotype combinations. On the other hand, haplotype 
G carries two DQB2 genes. If both are capable of forming functional molecules in 
combination with DQA2*01:02:01, it would have increased DQ molecule diversity. 
Intra-haplotype pairing of different DQA and DQB gene combinations may also provide 
additional class II molecules; however, not all allelic combinations are necessarily 
capable of generating functional molecules (Ballingall et al. 2017 in press). 
The eight haplotypes characterised here are likely to be representative of all class IIa 
variation in the Soay sheep. The DRA locus, which shows only limited allelic diversity in 
O. aries (Ballingall et al. 2010),  was not genotyped here. It is unlikely that genotyping 
the DRA locus would have further subdivided any haplotypes. Whilst the haplotypes 




haplotypes were validated at the DRB1 and DQA loci in an additional 95 animals, and no 
new allelic combinations were identified. The DQB loci remain to be validated, and 
potential variation in the number of loci means that  there is an unknown fraction of 
missing variation (Babik 2010). It is not certain that every haplotype has been detected, 
however, the extensive sequencing of multiple loci carried out throughout this study 
means that only alleles that occur at very low frequency will have been missed from 
our analysis. 
Haplotype characterisation in the Soay sheep has revealed eight class IIa haplotypes of 
varying locus configurations. DQA and DQB loci were revealed to harbour substantial 
additional variation, and thus genotyping at just the DRB1 locus would have disguised 
some of the class IIa variation. Similarly, the OLADRB microsatellite alone (Paterson 
1998; Paterson et al. 1998) cannot detect the class IIa variation external to the DRB1 
locus (see Appendix C). Using the new in-depth knowledge of the class IIa haplotype 
diversity within the Soay sheep population, it may now be possible to develop a rapid 
SNP-based genotyping system in order to generate population level data. This would 
greatly facilitate analyses of evolutionary processes underlying the maintenance of the 








3. Selection and testing of a 
custom SNP panel for rapid 
determination of Class IIa 










Investigating the evolutionary processes acting on a highly polymorphic gene region, 
such as the MHC, requires extensive population data on both phenotypes and 
genotypes. MHC variation exists as haplotypes of alleles at different loci. Due to the high 
level of polymorphism in the expressed genes of the MHC, it is notoriously difficult to 
devise genotyping methods targeting SNPs within these genes. Instead, in this chapter a 
fast genotyping system was developed, enabling imputation of class IIa haplotypes in 
Soay sheep using KASP genotyping of 11 SNPs located in the peripheral regions of the 
class IIa genes. These SNPs were identified from 188 Soays that were genotyped on the 
Ovine Infinium HD SNP Beadchip. The MHC class IIa haplotypes of 94 of these Soays 
were also determined using the genotyping-by-sequencing method described in 
Chapter 2. The Ovine Infinium HD SNP Beadchip also identified a new, recombinant 
haplotype. This recombination event had no effect on the functional class IIa haplotype 
but resulted in a new SNP haplotype which caused erroneous inference using only 
SNPs. To impute this new haplotype successfully, two SNPs from within exon 2 of the 
DQA1 locus were added to the imputation panel. A total of 801 Soay sheep were 
successfully KASP genotyped, with 100% identity of genotypes returned for a control 
sample repeatedly genotyped. Of 37 individuals with haplotypes typed by Sanger 
sequencing and imputed from KASP SNPs, 36 gave identical haplotypes, and the 
incorrect haplotype inference was probably caused by a low genotyping rate. Out of the 
801 individuals, 799 had diplotypes consisting of the (now) 9 known SNP haplotypes. 
3.2 Introduction  
Investigating the evolutionary processes acting on a highly polymorphic gene region, 
such as the MHC, requires extensive population data on both phenotypes and 
genotypes. Whilst gathering population level phenotypic data is a challenge in itself, 
collecting the corresponding high quality, locus-specific genotype data across multiple 
loci at the MHC in non-model animals is difficult, although becoming increasingly 
possible in mammals for class II genes (e.g. Bryja et al. 2007; Tollenaere et al. 2008; Li 
et al. 2014; Niskanen et al. 2014; Osborne et al. 2015). Locus-based genotyping 
methods are necessary to begin to disentangle the evolutionary processes maintaining 




investigate the non-mutually exclusive mechanisms of heterozygous advantage, 
negative frequency-dependent selection and fluctuating selection. For many species, 
including many fish and birds, locus-based genotyping of the MHC is not possible due to 
gene duplication, gene conversion and variation in gene number make the design of 
locus-specific primers difficult (Westerdahl 2007; Babik 2010; Whittaker et al. 2012), 
but see (Worley et al. 2008)). This often results in studies co-amplifying loci and using 
pooled diversity measures (Westerdahl 2007; Worley et al. 2008; Babik 2010), but the 
inability to determine which locus an allele originated from prohibits assessment of the 
heterozygous state of a locus, and therefore the ability to effectively assess 
heterozygous advantage. On the other hand, genotyping only a single locus is quite 
unlikely to capture the full diversity of the MHC molecules generated by single 
haplotype (see Chapter 2). An effective and reliable genotyping method, therefore, 
should be able to detect the variation at individual loci and across multiple expressed 
loci.  
Sequence-based genotyping methods have been developed for multiple ovine MHC 
class IIa loci (Ballingall & Tassi 2010; Ballingall et al. 2015, 2017 in press) which allow 
in-depth characterisation of variation in the region. The variation at class IIa loci was 
previously characterised in the Soay sheep population using these methods (Chapter 
2). Genotyping of the DRB1, DQA and DQB loci revealed eight haplotypes, with some 
allele sharing amongst haplotypes. This means that no single locus captures the 
haplotypic variation in the Soay sheep population. In addition, sequence-based 
genotyping of the DQ loci, and in particular the DQB loci, was complicated by cross-
amplification amongst loci and variation in locus configuration (Ballingall et al. in press, 
2015; Ali et al. 2016; see Chapter 2). Furthermore, as methods, both Sanger and next-
generation sequencing of multiple loci in large numbers of individuals would be costly 
and slow. Ideally, a method involving fast genotyping of key loci would be deployed to 
impute the haplotypes in each individual.  
Human population studies have made use of SNP-based methods for imputing MHC 
haplotypes (Dilthey et al. 2011; de Bakker & Raychaudhuri 2012; Zheng et al. 2014) by 
carefully selecting a panel of SNPs which are in linkage disequilibrium with specific 
MHC haplotypes. High linkage disequilibrium between loci within subregions is 
characteristic of the mammalian MHC (Dawkins et al. 1999), including the ovine MHC 
(Lee et al. 2012). High levels of polymorphism and high sequence similarity between 




select SNPs from within coding regions for which we have sequence data, and sequence 
data for introns and other non-coding regions of the ovine class IIa is generally lacking.  
A total of 5805 Soay sheep have previously been genotyped on the Ovine SNP50 
BeadChip (Illumina; 50K SNP chip) (Bérénos et al. 2014; Johnston et al. 2016), which 
includes approximately 37,000 SNPs which are variable in the Soay sheep. 188 key 
individuals within the Soay sheep pedigree, chosen for being representative of Soay 
diversity, have also been genotyped on the Ovine Infinium HD SNP BeadChip (HD SNP 
chip), which has an attempted 606,066 SNPs (Johnston et al. 2016). The MHC class IIa 
region itself was not expected to be well represented on either SNP chip, but it was 
hypothesised that there might be a sufficient number of SNPs in the flanking regions 
that were in linkage disequilibrium with the class IIa region to enable imputation of the 
Soay haplotypes. In this chapter, I therefore aimed to determine whether SNPs included 
on either the 50K SNP chip or the HD SNP chip were in linkage disequilibrium with the 
class IIa region, and if so, whether I could identify a minimal panel of SNPs that could be 
genotyped and used to impute the class IIa haplotypes.  
3.3 Methods 
3.3.1 Location of class IIa genes region with respect to SNPs on 
chips 
To compare the SNP chip genotypes with class IIa haplotypes, it was first necessary to 
estimate where the class IIa genes were located on Chromosome 20. MHC genes are 
poorly mapped on the ovine genome due to the repetitive, multi-copy and polymorphic 
nature of MHC gene families. The O. aries genome (Oar_v3.1, GCA_000298735.1) on 
Ensembl (Yates et al. 2016) was used to search for protein families including the words 
“class II histocompatibility” in their description in order to find regions of the genome 
associated with classical class IIa loci and their homologues in other species. As the 
ovine MHC is known to be on chromosome 20, the results were limited to chromosome 
20, as well as unmapped scaffolds. Additionally, the gene BTNL2 was included as this is 
typically identified as the defining the end of the class IIa region (Gao et al. 2010; Liu et 




3.3.2 50K and HD chip SNP locations in comparison to the 
putative class IIa gene region 
To determine whether there are any SNPs within or around the class IIa gene region on 
the 50K SNP chip, PLINK v1.90 (Purcell et al. 2007) was used to select only SNPs on 
chromosome 20, to exclude SNPs which were fixed or had a call rate of less than 95 %, 
and to exclude individuals with less than 95 % of loci genotyped, leaving a total of 870 
SNPs. 
On the Ovine Infinium HD SNP BeadChip, there are 11,757 SNPs on chromosome 20. 
PLINK was used to perform quality control, excluding individuals with less than 95 % 
of loci genotyped, and SNP loci with minor allele frequencies (MAF) less than 1 % and 
call rates less than 95 %, leaving a total of 8420 SNPs.  
3.3.3 Class IIa sequence-based genotyping of individuals typed 
by HD SNP chip 
Sequence-based genotyping was previously carried out for the MHC class IIa loci (DRB1 
and DQA) to determine class IIa haplotypes for 94 of the individuals which were 
included on the Ovine Infinium HD SNP Beadchip (Chapter 2). Here, sequence-based 
genotyping at the DRB1 and DQA1 loci using the same methodology as Chapter 2 was 
carried out for the remaining 94 individuals that had been genotyped on the HD SNP 
chip. Without genotyping the DQA2 and DQA2-like loci, it was not possible to 
distinguish between haplotypes A and G.   
3.3.4 Identification of the class IIa linkage region 
Using HD SNP genotypes for the 188 individuals, pairwise linkage disequilibrium (LD) 
between the HD SNPs (within 500 kb proximity) was calculated in Haploview (Barrett 
et al. 2005) as both r2 and D′ between positions 24.5 and 26.5 Mb on chromosome 20, to 
encompass the 25.353 – 25.784 Mb region identified as containing the class IIa genes 
(see results). LD blocks were identified using the Four Gamete Rule (Wang et al. 2002). 
The Four Gamete Rule estimates the population frequencies of the four possible 
combinations for a pair of SNPs (the four gametes), and recombination is deemed to 
have occurred if all four frequencies are greater than 0.01; a block is defined from 
consecutive markers where only three of the possible four gametes are observed in the 
population (Barrett et al. 2005). Blocks were numbered according to their proximity to 




the centromere) of this gap being decreasingly negative and those downstream (i.e. 
closer to the q-arm telomere) being increasingly positive.  
Next, the HD SNP haplotypes were compared to the class IIa Sanger sequencing 
haplotypes. The seven HD SNPs within block –1 as identified by the Four Gamete Rule 
(immediately upstream of the class IIa gap) were phased using BEAGLE (Browning & 
Browning 2007) with standard settings. The phased haplotypes were compared with 
Sanger class IIa haplotypes. Upstream HD SNPs were then added sequentially and 
cumulatively to block –1 haplotypes, and phased using BEAGLE after each SNP 
addition.  This identified if and where the HD SNP and Sanger haplotypes matched, and 
where the LD degraded, i.e. that a single Sanger haplotype was represented by multiple 
SNP haplotypes. The process was repeated for downstream HD SNPs. The class IIa 
linkage region was identified as a continuous region of HD SNPs, spanning the SNP gap, 
for which the phased SNP haplotypes matched the Sanger haplotypes.  
3.3.5 Haplotype B and H recombinant detection 
Whilst determining the class IIa linkage region, a recombination between haplotypes B 
and H was identified (see Results). The recombinant individual was haplotype B across 
the class IIa loci (determined by Sanger sequencing) but its SNP haplotype could not be 
distinguished from haplotype H using the SNPs within the class IIa linkage region. 
Therefore, candidate intragenic SNPs were identified from the sequences of exon 2 of 
the DRB1 and DQA loci that were capable of separating Sanger haplotypes B and H. DQB 
genes were not included due to the lack of available sequence data for haplotype D. 
Candidate intragenic SNPs were identified from allelic sequences generated from Soay 
sheep in Chapter 2, were bi-allelic across all loci (when the locus was present on a 
haplotype) and required a minimum of 50 bp of flanking sequence on either side of the 
SNP. Whilst candidate SNPs were required to be bi-allelic, DQA1 SNPs are always truly 
tri-allelic, where the third allele, a null allele, can be considered as the absence of the 
SNP on haplotypes where the DQA1 locus is not present.  
3.3.6 KASP SNP panel selection  
Kompetitive allele specific PCR (KASP) system (LGC Genomics, Hoddesdon) can be used 
to assay individual SNPs. Candidate SNPs, including both the HD SNPs and intragenic 
SNPs, were sent for in-silico primer validation using the Kraken software by LGC. 




(http://www.ncbi.nlm.nih.gov/SNP/). Flanking sequences of intragenic SNPs within 
the class IIa loci were obtained from the sequences generated in Chapter 2, with 
polymorphic sites identified only from alleles known from the Soay sheep population.  
All HD SNPs and only two intragenic SNPS (both within DQA1) were approved by in-
silico primer validation. HD SNP alleles and allelic combinations were identified which 
were unique to each class IIa Sanger haplotype, preferentially selecting those closest to 
the SNP gap in the centre of the class IIa region. We then identified a minimum subset 
of HD SNPs which were able to impute the two class IIa haplotypes (diplotype) of an 
individual whilst maintaining degeneracy. For each haplotype, there were two HD SNPs 
that distinguished the class IIa haplotype, and thus it should still be possible to 
determine haplotypes if the alternative HD SNP failed to genotype. SNP 
oar3_OAR20_27259292.1 was not included as it is already present on the Ovine50K 
SNP BeadChip and has therefore already been genotyped in the Soay sheep population 
(Bérénos et al. 2015), but was not used in imputation of haplotypes. Both DQA1 
intragenic SNPs were included on the final genotyping panel.  
3.3.7 KASP genotyping 
The final panel of SNPs used for KASP genotyping included 11 HD SNPs and two 
intragenic DQA1 SNPs, as well as an additional 11 non-MHC SNPs selected by other 
project members for non-MHC studies. This panel was genotyped by LGC Genomics in 
941 animals born between 1998 and 2007. DNA was extracted previously for 
genotyping on the Ovine50K SNP BeadChip using Qiagen DNeasy kit in 96-well plate 
format (Johnston et al. 2011; Bérénos et al. 2014). One individual was included on 
every plate in a random well to confirm genotyping consistency, and one No Template 
Control (NTC) was included on each plate. Samples were submitted to LGC for KASP 
genotyping, and calling was performed automatically by LGC following standard 
protocol and the data returned. The 11 non-MHC SNPs were removed from the data set 
before subsequent analysis.  
PLINK v1.90 (Chang et al. 2015) was used to exclude individuals with more than 50% 
missing genotypes across the 11 HD SNPs, and then Beagle v4.0 (Browning & Browning 
2007) was used to phase the genotypes. The phased HD SNP haplotypes were then 
matched to the Sanger haplotypes. Because the DQA1 intragenic SNPs were tri-allelic 
(major allele, minor allele and a null allele), they were not included in the phasing 




previously genotyped by the Ovine Illumina HD BeadChip, and the phased haplotypes 
were compared to ensure consistency of the methods. 
3.3.8 Detection of recombinant individuals using intragenic DQA1 
SNPs 
DQA1 SNP genotypes were compared to the SNP haplotypes to identify individuals 
carrying conflicting profiles, that is, the phased HD SNP profile of haplotype H but the 
DQA1 genotype of haplotype B. This enabled the identification of B to H recombinant 
individuals. To assess whether the DQA1 SNP genotypes were reliable, expected DQA1 
genotype profiles were compared to SNP haplotypes for all diplotype combinations. For 
DQA1*null haplotypes, the DQA1 locus is absent and therefore there is the potential for 
primers to cross-amplify with other regions of the genome, including pseudogenes and 
other loci such as DQA2 and DQA2-like, with highly similar nucleotide sequences.   
3.4 Results 
3.4.1 Genomic location of class IIa gene region  
Nine protein families represented by 22 transcripts were identified by searching the 
Oar_v3.1 genome sequence on the Ensembl database with the term “class II 
histocompatibility” in their descriptions, as well as BTNL2 (Table 3.1). Five transcripts 
were located on unmapped scaffolds. The remaining 17 transcripts were clustered in 
two regions of chromosome 20, 7.164 – 7.426 Mb and 25.353 – 25.812 Mb, with the 
former including primarily class IIb gene annotations (DO and DM genes) and the latter 
class IIa gene annotations (DR and DQ genes). DQA gene annotations were found in 
both class II regions, which likely reflects poor sequence assembly or gene annotation 
in this highly repetitive and polymorphic region. Previous assemblies of this region 
using BAC cloning did not identify DQ loci outside of the class IIa region (Liu et al. 2006; 
Gao et al. 2010). The classical class IIa genes are therefore expected to be located 
between 25.353 and 25.812 Mb.  
3.4.2 50K and HD SNP genotyping  
On the 50K SNP chip, there were 1053 SNPs distributed across chromosome 20, of 
which 870 passed quality control. There were only ten SNPs excluded due to low 




fixed in all individuals. Only a single SNP occurred within the class IIa linkage region 
(Figure 3.1a).  
On the HD SNP chip, there were 11,757 HD SNPs located on chromosome 20, of which 
8420 SNPs passed quality control. Of these, 21 were located within the class IIa linkage 
region (Figure 3.1b), and no SNPs were excluded within this region because of low 
MAF. There are no SNPs between 25.46 MB and 25.685 Mb in the centre of the class IIa 
gene region, which is known from here on as the HD SNP gap. All 188 sheep passed 








Table 3.1. Locations of transcripts within protein families containing “class II histocompatibility” in the description occurring on chromosome 20 of the O. 
aries genome (Oar_v3.1, GCA_000298735.1) or on unmapped scaffolds. 







Additional annotation Protein ID 
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor AMGL01121385.1 21 5,321  ENSOARP00000017463  
PTHR19944_SF52 Class II histocompatibility antigen beta chain precursor JH922951.1 480 710 Human homologue DQB ENSOARP00000000037  
PTHR19944_SF54 HLA Class II histocompatibility antigen DQ alpha chain precursor AMGL01119849.1 1,997 5,240 DQ ENSOARP00000003175  
PTHR19944_SF52 Class II histocompatibility antigen beta chain precursor JH922521.1 2,724 3,046 Human homologue DQB ENSOARP00000020450  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor JH923254.1 3,431 4,459  ENSOARP00000002509  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor 20 7,164,298 7,178,949  ENSOARP00000007745  
PTHR19944_SF55 HLA class II histocompatibility antigen, DQ alpha 2 chain precursor 20 7,198,200 7,208,505 DQA ENSOARP00000007864  
PTHR19944_SF55 HLA class II histocompatibility antigen, DQ alpha 2 chain precursor 20 7,198,200 7,204,636 DQA ENSOARP00000007865  
PTHR19944_SF52 Class II histocompatibility antigen beta chain precursor 20 7,221,436 7,228,230 Human homologue DQB ENSOARP00000007912  
PTHR19944_SF43 Class II histocompatibility antigen DO beta chain precursor MHC class II 
antigen DOB 
20 7,234,829 7,248,527 DOB ENSOARP00000008004  
PTHR19944_SF51 Class II histocompatibility antigen beta chain precursor 20 7,346,814 7,357,333 DMB ENSOARP00000008482  
PTHR19944_SF13 Class II histocompatibility antigen alpha chain precursor 20 7,367,386 7,372,035 DMA ENSOARP00000008555  
PTHR19944_SF44 HLA class II histocompatibility antigen DO alpha chain precursor MHC DN 
alpha MHC DZ alpha MHC class II antigen DOA 
20 7,420,413 7,425,930 DOA ENSOARP00000008678  
PTHR19944_SF54 HLA Class II histocompatibility antigen DQ alpha chain precursor 20 25,353,186 25,356,656 DQ ENSOARP00000016611  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor 20 25,398,827 25,402,957  ENSOARP00000016782  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor 20 25,450,028 25,460,293  ENSOARP00000016804  
PTHR19944_SF55 HLA class II histocompatibility antigen, DQ alpha 2 chain precursor 20 25,501,894 25,572,798 DQA ENSOARP00000016862, 
ENSOARP00000016864  
PTHR19944_SF52 Class II histocompatibility antigen beta chain precursor 20 25,532,506 25,543,103 Human homologue DQB ENSOARP00000017039  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor 20 25,594,470 25,608,591 DRB3 ENSOARP00000017287  
PTHR19944_SF55 HLA class II histocompatibility antigen, DQ alpha 2 chain precursor 20 25,666,699 25,676,792 DQA ENSOARP00000017463  
PTHR19944_SF45 H2 Class II histocompatibility antigen E beta chain precursor 20 25,736,126 25,741,866  ENSOARP00000017715  
PTHR19944_SF47 Class II histocompatibility antigen DR alpha chain precursor MHC class II 
antigen DRA 
20 25,774,090 25,783,626 DRA ENSOARP00000017840  
PTHR24100_SF5 Butyrophilin like 2 20 
 





Figure 3.1. Number of SNPs within each 5000 bp window on chromosome 20 between 25 
and 26 Mb on a) the 50K SNP chip and b) the HD SNP chip. The purple block represents the 
class IIa gene region between 25.353 to 25.812 Mb, as defined above.   
 
3.4.3 Class IIa sequence-based genotyping 
Full class IIa diplotypes were determined by sequence-based genotyping for 135 out of 
the 188 individuals genotyped on the Ovine Illumina HD BeadChip (this includes the 94 
individuals genotyped in Chapter 2). Partial diplotype information was determined for 
an additional 50 individuals which carried haplotypes A or G, but these haplotypes 
were not differentiated. Three individuals failed sequence-based genotyping.  
3.4.4 Identification of the class IIa linkage region 
Using all the HD SNP chip genotypes in the estimated class IIa gene region for all 188 
sheep, pairwise LD estimates of D′ were typically very high, although not in all cases 
(Figure 3.2). There was no obvious pattern to the degradation of LD, which would be 
suggestive of a recombination hotspot. R2 estimates were typically very low (Figure 
3.3), compared to D′ estimates, and were also uninformative in identifying linkage 
regions.  
Given the lack of obvious LD pattern, linkage blocks identified using the Four Gamete 
Rule in Haploview (shown in Figure 3.2 and Figure 3.3) were used to identify a single 
continuous region which corresponded to each of the eight class IIa haplotypes. Block –
1, which is immediately upstream of the HD SNP gap, formed six haplotypes (Figure 
3.4). Four of the six haplotypes in block –1 each corresponded to a single Sanger 




(Figure 3.4Figure 3.2). The addition of upstream SNPs to block –1 showed that linkage 
degraded immediately upstream of block –1 (at SNP oar3_OAR20_25383037) within 
haplotype E, but haplotypes A and G, as well as haplotypes B and H, only became 
differentiated at oar3_OAR20_25346061 (block ‒3). Downstream of the SNP gap, 
haplotypes B and H became differentiated at oar3_OAR20_25742763 (block 1), and A 
and G differentiated with the addition of oar3_OAR20_25752381 (adjacent to block 1). 
Linkage within haplotypes did not degrade until oar3_OAR20_25833644 (within block 
6) for both haplotypes B and E (Figure 3.4). Thus, a continuous linkage region of 31 HD 
SNPs was identified between oar3_OAR20_25393230 and oar3_OAR20_25831572, 





Figure 3.2. D′ linkage disequilibrium estimates for pairs of HD SNPs within and surrounding 
the class IIa gene region, where values of 1 represents high LD, and 0 represents low LD. 
SNPs within the class IIa gene region are highlighted by the grey shading.  The HD SNP gap 
is denoted by the green box, and SNP pairs that fall within this green box represent pairs 
spanning the SNP gap (i.e. that one SNP is upstream and the other downstream). Open 





Figure 3.3. r2 linkage disequilibrium estimates for pairs of HD SNPs within and surrounding 
the class IIa gene region, where values of 1 represents high LD, and 0 represents low LD. 
SNPs within the class IIa gene region are highlighted by the grey shading.  The HD SNP gap 
is denoted by the green box, and SNP pairs that fall within this green box represent pairs 
spanning the SNP gap (i.e. that one SNP is upstream and the other downstream). Open 








Figure 3.4.  Representation of the phased SNP haplotypes (rows) formed by sequentially and cumulatively adding either upstream (left) or downstream 
(right) HD SNPs to block –1. Linkage blocks (Four Gamete Rule in Haploview) are indicated above the SNP names, and corresponding Sanger 
haplotypes in the left-most column. Moving outwards from block –1, a colour change along the row indicates that an additional haplotype is formed with 
the addition of that SNP. The estimated class IIa gene region (25.353 to 25.812 Mb) and the class IIa linkage region are indicated below the plot. H* is a 
recombinant haplotype detected in a single individual, for which the SNP haplotype within the class IIa linkage region matches haplotype H but class IIa 




3.4.5 Haplotype B and H recombinant detection 
Individual 4179 was found to be heterozygous across Sanger haplotypes for B and G. 
The HD SNPs, however, revealed the existence of a recombination event which did not 
affect the Sanger class IIa haplotype, but affected the haplotype that would be imputed 
using the panel of 31 HD SNPs within the class IIa linkage region. Using only the SNPs 
upstream of the SNP gap, 4179’s SNP haplotype was consistent with haplotypes B and G 
(Figure 3.4, haplotype H*). Using only the SNPs downstream of the SNP gap, 4179’s SNP 
haplotype was consistent with haplotypes H and G. Therefore, using the SNPs within 
the class IIa linkage region (i.e. block –1 and downstream SNPs), the haplotype would 
be incorrectly imputed as H. This indicates the existence of a recombination event 
between haplotypes B and H which has occurred downstream of the class IIa genes 
included in the Sanger haplotype (the DRB1, DQA and DQB genes).  
The recombination event cannot be detected using SNPs within the class IIa linkage 
region (see Figure 3.5). Potential SNPs within class IIa genes that were capable of 
distinguishing haplotypes B and H were therefore identified from the allelic sequences 
generated in Chapter 2. Four DRB1 SNPs, 12 DQA1 SNPs, and ten DQA2/2-like SNPs 
were identified (Figure 3.6).  
 
 
Figure 3.5. SNP alleles (columns) within the class IIa linkage region for each Sanger 
haplotype (rows). Dark cells indicate that the allele at that SNP was identical to haplotype A, 
and grey cells indicate the allele differs. Genotypes for the DQA1 SNPs which were 
approved by KASP in-silico validation (see Figure 3.6) are shown in the position of the HD 
SNP gap. White cells correspond to DQA1*null alleles on haplotypes where the DQA1 locus 
is absent. DQA1*null alleles are therefore the absence of amplification. Stars beneath the 
SNP column indicate those SNPs selected for the KASP assay. SNP loci are shown in order 


































































































































































































































































































































A 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B 1 1 1 0 0 1 1 1 0 0 0 1 0 0 1 1 0 1 1 1 0 0 1 1 0 1 1 1 1 0 0
C 1 1 1 0 0 0 0 0 1 1 0 0 0 1 1 1 0 0 0 0 0 1 1 0 1 1 1 1 1 0 0
D 1 1 0 0 1 1 1 0 0 0 0 1 0 0 1 1 0 1 1 1 0 0 1 1 1 1 0 1 1 1 1
E 1 0 1 1 1 1 1 1 0 0 0 0 0 0 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 0 1
F 0 0 1 1 1 1 1 0 0 0 1 0 0 1 0 1 0 0 0 1 0 0 0 1 1 1 1 1 1 0 0
G 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 0 0 0 1 1 0 0 1 1 1 0 1 0 1 1 1
H 1 1 1 0 0 1 1 1 1 1 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 1 1 1 0 0 1
H* 1 1 1 0 0 1 1 1 1 1 0 0 0 0 1 1 1 0 0 1 0 0 0 1 1 1 1 1 0 0 1






Figure 3.6. Aligned nucleotide sequences for exon 2 of a) DRB1, b) DQA1 and c) DQA2 and 
DQA2-like alleles within the Soay sheep population. SNPs which distinguish haplotypes B 
and H are highlighted by red boxes. SNPs were only considered if they were bi-allelic across 
all alleles and at least 50 bp of flanking sequence on either side of the SNP was known. 





3.4.6 KASP assay selection, genotyping and haplotyping 
All 31 HD SNPs within the class IIa linkage region that were selected from the Ovine 
Infinium HD SNP BeadChip passed in silico validation for KASP. Of the intragenic SNPs 
from the Sanger sequencing designed to detect the recombinant haplotype, only two 
(DQA1_171 and DQA1_195) were approved, and these were the only SNPs submitted 
for this purpose with invariant flanking sequences (Figure 3.6). From this shortlist, we 
were able to impute the eight class II haplotypes using 11 HD SNPs and detect the 
haplotype B to H recombination, whilst maintaining degeneracy in case of genotyping 
failures.  
Quality control was carried out using only the 11 HD SNPs, and 801 out of 941 
individuals were retained after excluding individuals with more than 50% missing 
genotypes. Genotype calls for the individual repeated on each DNA plate were identical 
for all loci, thus confirming repeatability of the assays. MAFs for the 11 HD SNPs range 
from 0.116 (oar3_OAR20_25458354) to 0.493 (oar3_OAR20_25742711), all loci had a 
genotyping success rate of greater than 95% of individuals and no HD SNPs were found 
to deviate from HWE following Bonferroni correction (Table 3.2).  
Phasing of the 11 KASP genotyped HD SNPs in the 801 individuals revealed 10 
haplotypes (Table 3.3), eight of which matched the expected class IIa haplotypes and 
two that were novel. The two novel haplotypes were each identified in a single 
individual, which were missing zero and one genotypes. Of the 37 individuals 
genotyped by both the Ovine Illumina HD BeadChip and KASP methodologies, the 
phased haplotypes for 36 individuals were identical. For one individual, 4399, one of 
the two haplotypes was imputed incorrectly from the KASP genotypes (true haplotype 
B imputed incorrectly as haplotype E), although genotyping failed at four loci in that 
individual.  
Table 3.2. Frequencies of phased haplotypes using the panel of 11 HD SNPs. 
SNP haplotype Count Sanger haplotype Novel SNP haplotype Count 
AACCGGATGCG 297 A AGCTGGGCAAA 1 
AACTAGGCAAA 344 B GACTAGGCAAA 1 
AACTACATACA 181 C   
AATTGGGCAAA 55 D   
AGCCGGGCAAA 152 E   
GGCCGGGCACA 230 F   
AACCGGATAAA 192 G   






Table 3.3. Locus information, genotyping success rate (%), MAF (minor allele frequency), HO (observed heterozygosity), HE (expected heterozygosity), 
and Hardy-Weinberg Equilibrium (HWE) significance values, for the SNPs selected from the Ovine Infinium HD BeadChip ID that were genotyped by 
KASP. 








success rate (%) MAF HO HE HWE p value 
oar3_OAR20_25759002 rs401547149 25759002 G A 98.38 0.170 0.286 0.282 0.802 
oar3_OAR20_25458354 rs403182119 25458354 C G 99.38 0.123 0.205 0.215 0.327 
oar3_OAR20_25447962 rs407228358 25447962 A G 97.63 0.439 0.499 0.492 0.809 
oar3_OAR20_25393230 rs408059130 25393230 G A 99.25 0.145 0.254 0.248 0.636 
oar3_OAR20_25742711 rs408458106 25742711 G A 97.25 0.485 0.490 0.500 0.670 
oar3_OAR20_25441205 rs412204478 25441205 T C 98.38 0.473 0.517 0.499 0.476 
oar3_OAR20_25417300 rs412489249 25417300 G A 97.88 0.243 0.335 0.368 0.060 
oar3_OAR20_25761264 rs414259673 25761264 C A 98.25 0.442 0.502 0.493 0.738 
oar3_OAR20_25419505 rs419818757 25419505 T C 98.38 0.031 0.063 0.061 0.677 
oar3_OAR20_25742763 rs421513037 25742763 C T 97.75 0.490 0.494 0.500 0.813 
oar3_OAR20_25782804 rs422511469 25782804 G A 94.51 0.279 0.403 0.402 0.952 
DQA1_171a NA 25600000 C G 83.52 0.146 0.118 0.249 <0.0001 
DQA1_195a NA 25600300 C A 82.77 0.148 0.116 0.252 <0.0001 
 
a Includes DQA1*null allele which is not accounted for in genotyping success rate, HO, HE, HWE calculations or MAF 




3.4.7 DQA1 SNP genotypes 
An individual’s KASP genotype for a particular SNP is called based on the fluorescence 
cluster it is falls within, and a typical example of this is shown in Figure 3.7a. A 
homozygote emits only FAM or HEX fluorescence according to the allele it carries, and 
heterozygotes emit approximately half FAM and half HEX. DQA1 SNPs were more 
complex in that there are three potential alleles: major allele, minor allele and null 
allele. DQA1*null is the absence of the DQA1 locus on a haplotype, and the SNP assay 
fails to amplify. DQA1*null homozygotes would be expected to cluster with the No 
Template Controls (NTCs) and samples that failed to amplify for other reasons, and 
DQA1*null heterozygotes to cluster with the homozygotes of the alternative haplotype.   
Despite the presence of null alleles at the DQA1 loci, clustering remained efficient 
(Figure 3.7b and Figure 3.7c), although the scatter amongst the NTCs was more 
pronounced than for a typical biallelic SNP (Figure 3.7a). There were 11 recombinant 
individuals identified by comparison of the expected DQA1 genotypes according to the 
imputed SNP haplotype with the actual DQA1 genotypes (Figure 3.8). The expected and 
actual DQA1 genotypes were in agreement for all 37 individuals genotyped by both 
Ovine Infinium HD BeadChip and KASP methods, including generating an accurate 
DQA1 genotype for individual 4399, whose diplotype was incorrectly imputed by the 
KASP method.  
Five individuals had unexpected genotypes (Figure 3.8) – that is, their actual DQA1 
genotype was not as expected according to their diplotype (Table 3.4). Four individuals 
were imputed as carrying two haplotypes which are DQA1*null and therefore DQA1 
SNP loci should have failed to amplify; however, amplification was detected at one or 
both DQA1 SNP loci. One individual carried haplotypes A (DQA1*null) and D, so the 
expected DQA1 SNP genotype was as for haplotype D homozygotes (G:G or A:A for 
DQA1_171 and DQA_195 respectively); however, the actual DQA1 SNP genotypes were 
as expected for haplotype H homozygotes (C:C for both DQA1 loci). Only one of these 
five individuals had a SNP genotype imputed using less than the full panel of 11 HD 
SNPs (4 SNPs failed). DQA1 SNP genotypes were well clustered upon inspection of the 









Figure 3.7. Cluster plots showing genotype calls for a) a typical example of a SNP genotyped 
by KASP, showing well-clustered genotypes that are easily called automatically by LGC 
software. NTC = No template control. DQA1 SNPs, b) and c), were not as well clustered, 
and fail genotypes include both failed amplifications and the absence of amplification for 
DQA1*null homozygous individuals. Homozygous genotype calls (A:A, C:C and G:G) include 
both true homozygotes (two copies of the allele) and heterozygotes with one haplotype 
which is DQA1*null.  
 











4528 A/G Fail Fail Fail A:A 
4553 A/A Fail Fail Fail A:A 
6157 A/D G:G C:C A:A C:C 
6272 A/E Fail G:G Fail A:A 







Figure 3.8. Comparison of the SNP diplotype category with DQA1 genotypes to detect 
recombinant B to H SNP haplotypes. Haplotypes are grouped as H, which is involved in the 
recombination event, or according to whether or not they carry a DQA1 locus (Other includes 
haplotypes B, C, D and F, and Null includes A, E and G). Five individuals had unexpected 
DQA1 genotypes (circled), either Null:Null or Null:Other haplotype combinations. Points are 
shown jittered to indicate samples sizes. 
 
3.5 Discussion 
Analyses of the evolutionary processes underlying variation at the MHC require 
population-scale data. To achieve this, a SNP-based genotyping method was developed 
for rapid and accurate determination of the class IIa diplotypes in Soay sheep. Using 
SNPs selected from the Ovine Infinium HD BeadChip, a linkage region surrounding the 
class IIa genes was identified, and from it a minimal panel of 11 SNPs was selected that 
would enable imputation of the class IIa haplotypes. Furthermore, a recombination 
event between haplotypes B and H was detected, and two intragenic SNPs were 
selected to detect such recombinant haplotypes. Finally, this panel of 13 SNPs was 




3.5.1 Representation of MHC class IIa on 50K and HD SNP chips 
To my knowledge, this is the first time that MHC class II haplotypes or alleles have been 
detected using a SNP chip on a non-human species. The class IIa region was very poorly 
represented on the 50K SNP chip, with only a single SNP located in the class IIa region 
and it was therefore unable to capture class IIa variation. However, 31 SNPs on the HD 
SNP chip were identified within the peripheries of and flanking the class IIa region, and 
were representative of the class IIa haplotypes.  
3.5.2 Linkage disequilibrium within the class IIa  
Pairwise measures of D′ and r2 were unable to detect any variation in LD which would 
enable identification of SNPs associated with the class IIa genes. Pairwise D′ was 
typically very high between 24.5 and 26.5 Mb on chromosome 20, whilst pairwise r2 
was typically very low in this region. This opposing pattern of D′ and r2 measures of LD 
was also the typical pattern identified across the class IIa, IIb and III regions in 
Rylington Merino sheep (Lee et al. 2012). VanLiere and Rosenberg (2008) show that r2 
and D′ are not always directly related, and r2 is sensitive to MAF, especially MAF < 0.3 
which is not uncommon within the MHC (see Table 3.3).  Lee et al. (2012) showed that, 
in Rylington Merino sheep, pairwise LD using D′ was high within class IIa but decreased 
between the class IIa and class IIb regions, as well as between class IIa and class III 
regions. This suggests recombination within the class IIa is reduced compared to 
recombination between it and the neighbouring MHC subregions. Pairwise LD 
measures were therefore perhaps unlikely to reveal a relationship between the class IIa 
haplotypes and SNPs on the HD chip.  
An alternative method of building up a picture of LD between the SNPs and the class IIa 
region was used where by using the four gamete rule was used to identify linkage 
blocks and use these were used as a starting point to cumulatively add SNPs to identify 
where degradation haplotypes degraded. This detected a linkage region of 31 SNPs that 
matched the class IIa haplotypes (Figure 3.4). This class IIa linkage region extended 
between 25.39 – 25.81 Mb according to the allocated physical positions of the SNPs, 
which sits squarely within the estimated class IIa gene region of 25.35 – 25.81 Mb. The 
downstream extent of the class IIa gene region is marked by the gene BTNL2 (Table 
3.1), which because it is a single copy gene is more likely to be accurately mapped than 
the other multi-copy genes in this region. The overlap between the class IIa gene region 




the class IIa. Whether the SNPs are located within coding regions, however, cannot be 
determined due to the poor mapping of the DQ genes.  
3.5.3 Recombination between B and H haplotypes 
A recombination event between haplotypes B and H was identified in one individual (ID 
4179) genotyped on the HD SNP chip. Sanger sequencing of the class IIa genes of 4179 
revealed haplotype B, however the SNP haplotype within the class IIa linkage region 
was H (denoted H*). The recombination event must have occurred downstream of the 
expressed class IIa genes characterised within the Sanger haplotypes (DRB1, DQA and 
DQB) but upstream of SNP oar3_OAR20_25742763, and therefore the functional class 
IIa haplotype was unaffected. Individuals included on the HD SNP chip are highly 
representative of genetic variation within the Soay sheep population (Johnston et al. 
2016), in the case of 4179 because this male had a large number of descendants. This 
recombinant haplotype event could, therefore, be expected to occur within the 
population at a low, but detectable frequency and especially in the descendants of 
4179.  
3.5.4 Development of a fast class IIa haplotype imputation method 
There were 31 HD SNPs within the peripheries of and flanking the class IIa gene region 
that were capable of identifying all eight Sanger haplotypes, but not the recombination 
between haplotypes B and H. All 31 HD SNPs passed KASP in-silico validation, and, 
using only 11 of these HD SNPs, it was possible to impute the Sanger haplotypes whilst 
including degeneracy to allow for genotyping failures. The recombinant haplotype H* 
was rendered visible by using two intragenic DQA1 SNPS.  
3.5.5 KASP haplotyping using 11 HD SNPs  
The final panel of 11 HD SNPs was genotyped at > 5 loci in 801 out of 941 individuals, 
with a genotyping success rate of greater than 94.5 % for all loci. There were 140 
individuals which were excluded because more than 50 % of loci failed, which was 
likely due to poor DNA quantity or quality. The DNA plates used for KASP genotyping 
were the same as previously used for the 50K SNP chip, and so DNA may have been 
exhausted or possibly somewhat degraded by freeze-thawing.  
HD SNP haplotypes from 799 of the 801 individuals matched the eight haplotypes 




by both KASP and HD SNP chip methods revealed one haplotype incorrectly phased by 
the KASP SNPs (individual 4399). The programme BEAGLE (Browning & Browning 
2007), which was used to phase the SNPs into haplotypes, uses a hidden Markov model 
to determines the most likely haplotypes for all individuals, which incorporates 
information on the haplotypes known to exist within the population to impute the 
haplotypes of individuals with missing genotypes. Therefore, as the number of missing 
genotypes increases, so does the probability of incorrect imputation. Low genotyping 
rate (7 out of 11 loci) likely caused the incorrect phasing of one haplotype for 
individual 4399. The two novel haplotypes may be artefacts caused by genotyping 
errors or incorrect phasing, or may be genuine variants such as rare haplotypes, 
previously undetected recombinant haplotypes, or due to a mutation at a SNP site. It 
will therefore be important to apply a higher genotyping rate in subsequent analyses 
and consider using additional quality control measures, such as checking for Mendelian 
inheritance of haplotypes. 
Indirect MHC typing methods, such as SNP genotyping, are faster and cheaper than 
direct sequencing methods, but may incur an increased error rate which must be 
minimised. Genotyping errors can occur at different stages including SNP genotyping, 
SNP phasing and MHC haplotype imputation. At the genotyping stage, genotyping 
errors and allelic dropout can produce inaccurate genotypes. Phasing SNPs to 
determine the two SNP haplotypes carried by an individual, carried out here using 
BEAGLE, uses information from all individuals within the dataset to calculate the most 
likely haplotypes. BEAGLE also uses this information to impute missing SNP genotypes. 
Therefore, phasing errors are increased when there is a high genotyping error rate. 
Imputation of MHC haplotypes was carried out here by comparing SNP profiles for 
known class IIa haplotypes with those phased by BEAGLE. It is therefore possible 
errors to build up with each stage from genotyping, to phasing to MHC haplotype 
imputation. Thus, by using a more stringent genotyping rate cut-off across all SNPs, 
genotyping errors can be limited. Additionally, the extensive Soay sheep pedigree 
enables Mendelian inheritance checks to be carried out, which limits potential 






3.5.6 DQA1 intragenic SNPs 
Two SNPs within exon 2 of DQA1 were used to identify the recombinant haplotype by 
detecting a mismatch between the haplotype imputed by the 11 HD SNPs and the class 
IIa genes. A null allele (DQA1*null) occurs at the DQA1 locus, and the presence of null 
alleles for any genotyping assay is less than ideal as it is not possible to separate a null 
genotype from a failed assay. However, DQA1_171 and DQA1_195 were the only 
intragenic SNPs to pass the in-silico KASP validation. Despite the null alleles, in all cases 
of an individual carrying haplotype H, as imputed by the 11 HD SNPs, DQA1 genotypes 
were as expected for haplotype H or as predicted for a recombinant haplotype B.  
When selecting intragenic SNPs, the potential for the DQA1 primers to bind to DQA2 or 
DQA2-like loci was not considered during in-silico validation. This is because all 
potential intragenic SNPs would have been rejected due to the level of polymorphism in 
flanking regions. When alleles for all DQA loci are aligned (Appendix D), it is clear that 
there may be some potential for KASP primers to bind to DQA2 or DQA2-like loci (note 
that the actual primer sequences used by LGC are unknown). Alternatively, there may 
be pseudogenes which the primers could bind to and amplify. It seems unlikely that 
mis-priming to DQA2/2-like loci could explain the amplification of DQA1_171 in 
DQA1*null homozygous individuals as this would result in a C:C genotype, yet G:G 
genotypes were observed, though it could explain the amplification at DQA1_195. 
Erroneous SNP haplotype imputation could also explain the unexpected DQA1 
genotypes and may be the reason for the conflicting DQA1 genotypes of individual 6157 
whose imputed diplotype was based on only 7 of the 11 HD SNPs. Due to this potential 
for cross-amplification to either non-target DQA loci or pseudogenes, it would be 
advisable to use the DQA1 loci to detect only the known recombination between B and 
H haplotypes.  
Whilst the DQA1 SNPs were effective for detecting the identified downstream B to H 
recombination, it is unlikely to be possible to detect novel recombination events 
involving upstream SNPs between haplotypes A and G. The six SNPs located upstream 
of the class IIa genes and the DQA1 SNPs were identical for these this haplotype pair 
(see Figure 3.4 and Figure 3.5). All other haplotype pairs have unique upstream and 
downstream SNP profiles. The B to H recombination was identified in individual 4179 
because he was highly representative of genetic variation in the Soay pedigree and was 
therefore typed at the HD SNP chip (Johnston et al. 2016) due to having a large number 




Recombinations between haplotypes A and G could occur and not be detected using 
this SNP panel, but it would be unlikely to affect large numbers of individuals or it 
probably would have been detected in the individuals typed for the HD SNP chip.  
3.5.7 Conclusion 
A rapid method for inferring the diplotypes of the MHC class IIa region in the Soay 
sheep population was developed using KASP genotyping. Using genotypes from 188 
individuals, a panel of 11 SNPs were selected from the Ovine Infinium HD BeadChip to 
infer the class IIa haplotypes. Additionally, two intragenic DQA1 SNPs were selected to 
detect a recombination between haplotypes B and H. This panel of 13 SNPs was 
validated using KASP in 801 individuals, proving capable of inferring the class II 
diplotypes for all but three individuals. Additional quality control measures should be 
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In chapter 3, a panel of 13 KASP SNPs was selected to impute the MHC class IIa 
haplotype. In this chapter, the panel of SNPs was genotyped in a further 5951 Soay 
sheep. Stringent QC measures were applied, including testing for systematic errors, 
comparison of genotypes of a repeatedly typed individual, exclusion of samples with 
more than four genotyping errors, and Mendelian inheritance checks between the 
offspring and parental genotypes or haplotypes. After applying these QC measures, 
class IIa haplotypes were inferred for 5349 individuals, with a SNP genotyping error 
rate of 0.48 % in the repeatedly typed individual. Twenty novel haplotypes identified in 
27 individuals were excluded from further analyses as they probably arose due to SNP 
genotyping errors. The recombinant haplotype (from B to H) was identified in 56 
individuals using the two intra-genic DQA1 SNPs, and its t origin and inheritance traced 
through the pedigree. Finally, haplotype and diplotype frequencies were assessed at 
different life history stages and within the standing population each year between 1985 
and 2012. The Ewens-Watterson test showed evidence of balancing selection at all life 
history stages and standing populations considered. No evidence of deviation from 
Hardy-Weinberg equilibrium was observed at any life history stage or in any standing 
population.  
4.2 Introduction 
Investigating how evolution acts to maintain the high levels of polymorphism requires 
well-characterised MHC data for large numbers of individuals (Apanius et al. 1997; 
Spurgin & Richardson 2010). Accurate, complete and locus-specific MHC genotypes are 
necessary to explicitly investigate the different modes of balancing selection that may 
be acting, in particular, to distinguish heterozygote advantage from negative frequency-
dependent selection or frequency dependent selection (Spurgin & Richardson 2010; 
see Chapters 1 and 2). Statistical analysis of highly polymorphic loci, such as the MHC, 
requires large sample sizes to generate statistical power and is enhanced in the 
presence of rare alleles (Apanius et al. 1997; Hill 1998). Rare alleles are of particular 
interest in studies of the MHC as they may confer increased fitness under negative 
frequency-dependent selection or in heterozygote form under heterozygote advantage. 




Sequence-based genotyping of MHC alleles is accurate and reliable for most loci in 
sheep (Ballingall & Tassi 2010; Ballingall et al. 2017). However, Sanger sequencing of 
individual loci is time-consuming and expensive, prohibiting the genotyping (or 
haplotyping) of large numbers of individuals. In Chapter 3, an alternative method of 
determining class IIa haplotypes in Soay sheep was developed which enables high-
throughput haplotyping of large numbers of individuals. The panel included 11 SNPs 
selected from the Ovine Infinium HD chip which were located in the peripheries of the 
class IIa region and could impute the eight class IIa haplotypes identified in chapter 2, 
with the addition of two DQA1 intragenic SNPs to identify a recombinant SNP 
haplotype.  
This panel of SNPs was tested in 941 sheep in chapter 3, and the imputed SNP 
haplotypes were compared to Sanger haplotypes in 37 individuals. The haplotype was 
inferred incorrectly for a single individual due to genotyping failures at four of the 11 
SNP loci. This indicated that improved quality control (QC) measures were needed to 
obtain impute MHC class IIa haplotypes accurately. In this chapter, the KASP SNP panel 
was used to genotype an additional 5010 sheep and describe the quality control 
measures implemented.  
After generating a data set of high quality MHC class IIa haplotypes for a large sample of 
Soay sheep, some basic analyses of the diplotype frequencies were conducted. The 
genotyped sheep were mostly born between 1985 and 2012, enabling diplotype 
frequency changes to be considered over time. Second, if heterozygote advantage 
(Doherty & Zinkernagel 1975) or negative frequency-dependent selection (NFDS; 
(Penn 2002) were operating to maintain diversity within the population, an excess of 
heterozygotes would be predicted under certain circumstances. Under heterozygote 
advantage, selection would be acting against homozygotes, whereas under NFDS, rare 
alleles are more likely to occur in heterozygous form (Apanius et al. 1997; Spurgin & 
Richardson 2010) and therefore selection will favour heterozygotes carrying the rare 
allele.  
Evidence of recent balancing selection can be tested using the Ewens-Watterson 
homozygosity test for neutrality (Ewens 1972; Watterson 1978). This test compares 
observed homozygosity to the expected homozygosity under neutrality for the given 
number of alleles in a given sample size. Expected homozygosity is calculated according 
to Hardy-Weinberg proportions. Observed levels of homozygosity that are significantly 




expected under neutrality, invoking balancing selection as an explanation. Levels of 
homozygosity that higher than expected under neutrality, on the other hand, indicates 
directional selection (Garrigan & Hedrick 2003).  
Hardy-Weinberg equilibrium (HWE) predicts genotype (or diplotype) frequencies from 
the allele (or haplotype) frequencies for a population that is mating randomly at loci 
with no selection, mutation or migration  (Guo & Thompson 1992). Therefore, evidence 
that  the actual diplotype frequencies deviate from those predicted under HWE 
indicates that natural selection (including heterozygote advantage and NFDS) or sexual 
selection (including MHC based mate choice) may be acting on the haplotypes (Hedrick 
2004), or that some other demographic process acting (Guo & Thompson 1992).  
Different modes of selection, for example parasite-mediated selection (PMS) and pre- 
or post-copulatory sexual selection could affect haplotype and diplotype frequencies at 
different life history (LH) stages. MHC-based mate choice (either pre- or post-
copulatory) would be expected to affect the frequencies in conceived individuals. PMS, 
on the other hand, would only be expected to act after birth, and if gastro-intestinal 
nematodes (GIN) were a major driving force of PMS, only after lambs become exposed 
to the larvae on the pasture. In the Soay sheep, selection due to GIN (as measured by 
August faecal egg count) is only significant in lambs and manifests as higher first winter 
mortality of heavily infected lambs (Hayward et al. 2014a), and there is appreciable 
yearling mortality (Clutton-Brock et al. 2004a), so haplotype frequencies might be 
expected to change following first and second winter mortality. In this chapter, the 
Ewens-Watterson test and deviations from HWE were assessed at different early life 
history (LH) stages, and within the standing population (defined here as the individuals 
known to be alive in August of a given year).  
 
4.3 Methods 
4.3.1 KASP genotyping 
The DNA used for KASP genotyping had been previously extracted, plated in 96 well 
plates and normalised (originally to 50ng/ul) for SNP genotyping on the Illumina 
Infinium ovine 50K SNP array (Bérénos et al. 2014). The DNA was extracted by Camillo 




following manufacturer’s protocol, except that final elution was in 2 x 50ul of elution 
buffer in order to obtain high DNA concentration. Most DNA was extracted from ear 
punch samples collected from neonatal lambs or at later first capture, but for some 
individuals, DNA was extracted from blood samples from live captures or post mortem 
tissue (ear or muscle). Some samples were from foetuses from pregnant ewes that died 
in winter. There were 66 DNA plates, including the 10 genotyped and analysed in 
chapter 3.  One individual, the ‘golden sheep’ (ID 7568), was included in a random well 
on plate 3 and plates 6 – 66 to confirm genotyping consistency. Kompetitive Allele-
Specific PCR (KASP) genotyping was carried out by LGC Genomics (Hoddesdon, UK) for 
5951 individuals at 13 MHC loci on chromosome 20, as detailed in chapter 3 as well as 
11 non-MHC SNPs selected by other project members for non-MHC studies. 
4.3.2 Quality control 
A flow-chart detailing the bioinformatic quality control (QC) workflow is shown in 
Figure 4.1. QC was carried out using 22 non-intragenic SNPs (both MHC and non-MHC), 
but not the two class II intragenic loci DQA1_171 and DQA1_195. The intragenic DQA1 
SNPs were excluded from QC analyses as these loci are effectively tri-allelic – they have 
a major allele, a minor allele and a null allele (DQA1 locus absent from haplotype); 
consequently, Mendelian inheritance of ascertained genotypes is not expected and a 
null genotype is valid. In the first round of quality control, any individuals with 11/22 
or more missing genotypes (≥ 50%) were excluded as this suggested poor DNA quality 
or quantity, which would affect subsequent QC analyses.  
In the next stage, repeat genotypes for individuals were compared. The genotypes of 
the golden sheep were compared to identify any systematic patterns of genotyping 
errors, such as by plate or by SNP locus.  
A number of other individuals were genotyped more than once for reasons unrelated to 
this work (e.g. when DNA was used for genotyping on the Illumina 50K Beadchip, the 
DNA failed at the first attempt and so was repeated on a subsequent plate – note that 
differences in genotyping technologies between Illumina and KASP may mean that a 
sample could be successful for one method but not the other). These repeated samples 
were not compared as a measure of genotyping error as the DNA was expected to be 
low quality. Genotyping attempts for a repeated individual were compared with 
parental genotypes. The retained set of genotypes was that with the fewest missing loci, 




in which case the sample with the lower number of mismatches was kept. A 
preliminary Mendelian inheritance check was then performed for all samples using the 
Soay sheep pedigree (Bérénos et al. 2014).  
Following this initial round of quality control, samples on plates 1-3 were excluded due 
to high rates of allelic dropout and genotyping errors, including in the golden sheep 
(see results). In the second round of QC, above QC stages were repeated from the start 
excluding plates 1 to 3. This was to prevent genotypes from plates 1 to 3 from any 
repeated individuals impacting the paternal mismatch checks.  
Next,  PLINK v1.90 (Chang et al. 2015) was used to convert the data to vcf format (as 
required for BEAGLE), and to exclude individuals with four or more missing genotypes 
(missing rate greater than 0.14). As described in chapter 3, samples analysed with four 
or more missing genotypes can lead to inaccurate phasing. At this stage, the non-MHC 
SNPs were discarded by excluding all SNPs on chromosomes other than 20.  
4.3.2.1 MHC haplotype phasing and Mendelian inheritance check 
Phasing was carried out using BEAGLE 4.0 (Browning & Browning 2007) with standard 
settings, and parsed using a custom script in R (S. E. Johnston, unpub.). Haplotypes 
were matched to haplotypes identified in chapter 3 and assigned alphabetical 
nomenclature (A to H), and novel haplotypes were assigned NA.  
A Mendelian inheritance check was carried out on the inferred haplotypes for each 
individual using the Soay sheep pedigree (Bérénos et al. 2014). Individuals whose 
phased MHC diplotypes mismatched the diplotype of at least one parent were excluded 
from further analysis.  
4.3.3 DQA1 loci 
The methodology established in chapter 3 was used to identify SNP haplotype B to H 
recombinants. Because DQA1 genotypes for individuals homozygous for DQA1*null 
haplotypes were found to be somewhat unreliable in chapter 3, DQA1 genotypes were 
only analysed for individuals carrying at least one H haplotype. Genotypes were 
assigned as H:H (both haplotypes are H), H:null (the alternative haplotype does not 
carry a DQA1 locus so is DQA1*null) or H:other (the alternative haplotype does carry a 
DQA1 locus), and the DQA1 observed genotypes were compared to the expected 
genotypes. Individuals which were identified as carrying the non-intragenic SNP profile 




recoded as recombinant. A Mendelian inheritance check was then carried out to 
confirm that these recombinant haplotypes were inherited, rather than genotyping 
errors. Recombinant individuals were subsequently recoded as haplotype B.  
4.3.4 Ewens-Watterson test and HWE 
The Ewens-Watterson test and deviations from HWE were investigated in different LH 
stages and in the standing populations of each year. The LH stages considered here 
were: known conceived, live born, survived to first August (approx. 4 months) and 
survived to second August (approx. 16 months). Individuals were included in the 
‘known conceived’ category if they were live born, still born, or foetuses obtained from 
mothers who died over winter. Individuals were included in the ‘live born’ category if 
they survived at least until tagging which typically occurs within the first week of life. 
‘Live born’ also includes individuals that were not tagged as lambs, for example because 
they were born after the lambing team left the island, but were caught and sampled 
subsequently, for example during the summer catch. ‘Survived to first August’ and 
‘survived to second August’ includes individuals known to be alive in their first and 
second Augusts, respectively.  
The standing population in any given year was all individuals known to be alive in 
August of that year. Individuals were known to be alive if they were observed in the 
summer census or August catch, or if they had a known birth year prior to the given 
year and were observed alive or known to have died in a later year.  
The Ewens-Watterson homozygosity test of neutrality (Ewens 1972; Watterson 1978) 
was calculated for each LH stage (though not by cohort) and for the standing 
population in each year, and was performed in PyPop v0.7.0 (Lancaster et al. 2007). 
This test compares the observed homozygosity statistic Fobs (sum of the squared allele – 
here haplotype – frequencies calculated under Hardy-Weinberg proportions) to the 
expected homozygosity statistic Fexp (the homozygosity expected under neutrality). Fnd 
is the normalized deviate of the homozygosity (Fobs minus Fexp, divided by the square 
root of the variance of the expected homozygosity), and significant negative values of 
Fnd indicate balancing selection as the level of observed homozygosity is lower than 
expected. If Fnd were significantly positive, this would imply directional selection. 
Slatkin’s exact P values (Slatkin 1994, 1996) were calculated using a Markov-chain 
Monte-Carlo implementation, which is the probability of observing the Fexp under 




alleles. Sequential Bonferroni correction (Holm 1979) was used to account for multiple 
testing.  
HWE tests were performed in the R package GENEPOP v1.0.5 (Rousset 2008) as 
probability tests (the exact test of Haldane 1954; Guo & Thompson 1992; Weir 1996) 
where the null hypothesis is that the same allele frequencies are observed) and U tests 
for heterozygote excess (where the alternative hypothesis is heterozygote excess 
Raymond & Rousset 1995) for all LH stages considering all year cohorts as a single 
population, and to identify if there were any deviations from HWE within particular 
years, the same tests were carried out for each cohort (LH stages) or year (standing 
population). The single population test was not carried out for the standing population 
as many individuals were present in multiple years. Sequential Bonferroni correction 
(Holm 1979) was used to account for multiple testing.  





Figure 4.1. Flow chart illustrating the bioinformatic workflow for QC of KASP genotypes, 
showing processes in rectangles and the number of individuals at each stage in circles. QC 
processes using the genotypes from 22 SNPs are shown in the top blue box, and using the 
haplotypes phased from 11 MHC SNPs in the bottom green box. Note that this represents 
the second round of the bioinformatic workflow after the first identified poor quality genotypes 





4.4.1 Quality control 
4.4.1.1 Round one – identification of poor quality on plates 1-3 
There were 5951 individuals genotyped by KASP (see Figure 4.1 for sample sizes 
throughout QC). The first round of Mendelian inheritance checking found 285 
individuals that had at least one genotype mismatch to one or both parents. Of these, 
193 individuals were located on DNA plates 1-3 (Figure 4.2). One or both parents of an 
additional 31 individuals with mismatches were located on plates one to three. 
Therefore, 224 of the 285 individuals with mismatches were genotyped from three 
DNA plates. This strongly suggested that there were DNA quantity or quality problems 
with plates 1-3. Furthermore, the genotypes of all individuals with genotype 
mismatches to their parents were homozygous, suggesting that allelic dropout was 
occurring.  
The golden sheep 7568 was genotyped on 62 of the 66 DNA plates, including plate 3 
(but not 1 or 2). Genotypes were obtained for all 22 loci for the golden sheep on plate 3, 
but nine genotypes were inconsistent with the profile for that individual obtained from 
all other plates. These incorrect genotypes include both allelic dropout (i.e. a 
heterozygous locus appeared homozygous) and additional alleles (i.e. individual 
appeared heterozygous but true genotype was homozygous).  
Both the preliminary Mendelian error checks and comparison of the golden sheep 
profiles suggest that plates 1-3 had high genotyping error rates and so they were 
deemed unreliable. Plates 1-3 were excluded from further analyses.  
 
Figure 4.2. The DNA plates on which individuals with at least one genotype mismatch to 
parents were located. DNA plates which did not have any individuals with mismatches are 




4.4.1.2 Round two – after excluding plates 1-3 
After excluding plates 1-3, all 22 genotypes for 5675 individuals were run through the 
QC workflow again. There were 195 individuals excluded due to having more than 
50 % missing genotypes. Of the remaining 5480 individuals, 136 were genotyped more 
than once. Genotypes were obtained for 57 out of 62 genotyping attempts for the 
golden sheep and errors were found on four plates (Table 4.1); of these, one profile 
would have been excluded during the second round of quality control due to high 
missing genotype rates (nine genotypes missing on Plate 10). The remaining three 
profiles had errors at one (plate 65) and two loci (plates 7 and 8). This represents an 
overall genotyping error rate of 0.48%, or a maximum of 1.85 % per locus.  
After retaining one genotype for 5480 individuals and removing repeat genotypes for 
other repeated individuals, the 22 SNP genotypes were run through PLINK, 102 
individuals were removed due to having four or more missing genotypes, and then the 
non-MHC SNPs were excluded. The remaining 5378 individuals were then phased by 
BEAGLE using the 11 MHC SNPs, revealing eight common haplotypes, which exactly 
matched the eight class IIa haplotypes identified in chapter 3, and an additional 20 
novel haplotypes found in 26 individuals (Table 4.2).  
Mendelian inheritance checks were then carried out on both the genotypes for each of 
the 11 MHC loci and the phased haplotypes (including 3971 maternal and 3711 
paternal comparisons). This identified 14 mismatches at the genotype level (Table 4.3), 
of which two offspring and nine parents were found to carry novel haplotypes. At the 
haplotype level, mismatches were found between 2 offspring carrying a novel 
haplotype and their parents, and 11 between offspring and parents who carried novel 
haplotypes. An additional three individuals were identified with mismatches to parents 
involving non-novel haplotypes (Figure 4.3). Individual 4597 (Figure 4.3a) mismatched 
both parents. Individual 5864 (Figure 4.3b) was found to have a haplotype mismatch to 
her only known parent. Individual 8450 (Figure 4.3c) mismatched his mother’s 
haplotype. The father of 8450 was excluded prior to the Mendelian inheritance check 
due to carrying a novel haplotype. Nevertheless, 8450 also mismatched his mother’s 
genotype. In all three cases, there is no good evidence to suggest that the known 
parental genotypes were wrong, suggesting the error is more likely to have occurred in 
the offspring genotype. Therefore, these three individuals (4597, 5864 and 8450) were 




Table 4.1. Repeat genotypes of the golden sheep (ID 7658) for each SNP, of a total of 57 
genotyping attempts (not including plate 3). The 11 MHC SNPs are shown first (ID beginning 
oar3), followed by the non-MHC SNPs. Note that 5 genotyping attempts for the golden sheep 
















oar3_OAR20_25393230 A:A 56   0 
oar3_OAR20_25417300 A:A 55 1 (G:G) Plate 10 1.78 
oar3_OAR20_25419505 C:C 54 
  
0 
oar3_OAR20_25441205 T:C 53 1 (C:C) Plate 7 1.85 
oar3_OAR20_25447962 G:A 54 
  
0 
oar3_OAR20_25458354 G:G 56 
  
0 
oar3_OAR20_25742711 A:A 55 1 (G:A) Plate 7 1.78 
oar3_OAR20_25742763 T:T 57 
  
0 
oar3_OAR20_25759002 G:A 53 1 (G:G) Plate 8 1.85 
oar3_OAR20_25761264 C:A 56 1 (C:C) Plate 8 1.75 
oar3_OAR20_25782804 G:G 54 
  
0 
Agouti_indel AGGAA:AGGAA 57   0 
Agouti_SNP_Correct T:T 56   0 
rs398157763 T:T 57 
  
0 
rs398989339 G:G 57 
  
0 
rs408103852 G:A 55 1 (G:G) Plate 65 1.78 
rs411614551 T:C 52 
  
0 
rs413407592 C:C 56 
  
0 
rs417406686 C:C 57 
  
0 
rs428766742 T:T 56 
  
0 
rs428943636 G:G 57 
  
0 







Table 4.2. Phased SNP haplotypes, their associated class IIa haplotype and the frequency of 
each haplotype. There were 20 novel SNP haplotypes at frequencies which did not match 
known class IIa haplotypes (denoted as NA). Lower case in the SNP profile for novel 
haplotypes indicates where the profile is one base different from a known class IIa 
haplotype.  
 SNP profile Class IIa haplotype Frequency 
Known profiles AACCGGATGCG A 1904 
 AACTAGGCAAA B 2337 
 AACTACATACA C 1233 
 AATTGGGCAAA D 317 
 AGCCGGGCAAA E 1041 
 GGCCGGGCACA F 1562 
 AACCGGATAAA G 1385 
 AACTAGATAAG H 949 
Novel profiles AGCCGGGCAcA NA 4 
 AACCGGATAcA NA 3 
 AaCCGGGCACA NA 2 
 AACtGGATGCG NA 2 
 GGCCGGGCgCA NA 2 
 AACCGGgTGCG NA 1 
 AACTAGATAAa NA 1 
 AACTAGATAcA NA 1 
 AACTAGATgAG NA 1 
 AACTAGGCAcA NA 1 
 AACTAGGCgAA NA 1 
 AACtAGgTAAG NA 1 
 AACtGGATAAA NA 1 
 AAtCGGATAAA NA 1 
 AAtCGGATGCG NA 1 
 AGCCGGGCgAA NA 1 
 AgCTAGGCAAA NA 1 
 AgTCGGGCAAA NA 1 
 gACTAGGCAAA NA 1 





Table 4.3. Mendelian inheritance locus mismatches between offspring and parent. Offspring 
denoted by * were also subsequently found to have haplotype mismatches with their parents 













6716 G:G NA:A Mother 5466 A:A F:G 
6916 G:G NA:A Mother 5662 A:A D:E 
8433 A:A F:H Father 6789 G:G NA:A 
8710 A:A F:H Father 6789 G:G NA:A 
8803 A:A B:E Mother 6916 G:G NA:A 
 
       
oar3_OAR20_ 
25742711 
4433 A:A A:H Mother 3564 G:G NA:E 
4597* A:A A:H Father 4554 G:G E:F 
5109 A:A C:H Mother 3564 G:G NA:E 
6719 A:A G:H Mother 3564 G:G NA:E 
8166 A:A A:H Mother 3564 G:G NA:E 
 
       
oar3_OAR20_ 
25417300 
4597* A:A A:H Father 4554 G:G E:F 
5864* G:G E:E Mother 3255 A:A A:B 
 
       
oar3_OAR20_ 
25782804 
4597* G:G A:H Mother 4243 A:A E:G 






Figure 4.3. Pedigrees of three focal individuals that were identified as having haplotype 
mismatches to at least one parent. ID and inferred MHC haplotype are shown within the 
shapes (square is male, circle is female), and unknown parents are indicated by ‘?’. The 
focal individual is shown in the dark shapes at the base of the pedigrees. 
 
4.4.2 DQA1 analysis to identify B/H recombinants 
There were 56 individuals identified as carrying a B/H recombinant DQA1 profile. 
Following recoding of these individuals as R (recombinant haplotype), only one 
individual (ID 4179) was identified as mismatching a parental genotype during the 
Mendelian inheritance check, mismatching the maternal genotype. This was the same 
individual that the recombinant haplotype was identified in when comparing Sanger to 
HD haplotypes in chapter 3. Of all the individuals carrying the B/H recombination, 
individual 4179 was born earliest and all subsequent individuals were found to be 




(Figure 4.4) showed that his mother (3471) carried both B and H haplotypes, and thus 
the cross-over event that created the recombinant haplotype occurred during 
gametogenesis in 4179’s mother. 4179’s alternative haplotype (G) was consistent with 
direct Mendelian inheritance from his father (3341, A:G). Recombinant haplotypes 
were recoded as B.  
 
 
Figure 4.4. Pedigree of individual 4179. Green represents individuals carrying the 
recombinant haplotype, grey not carrying the recombinant haplotype, and open are 
individuals that have not been genotyped. Squares are males, circles are females. All 
offspring of ID 4179 are shown, but subsequent descendants are only shown if they carry the 
recombinant haplotype. Diplotypes of 4179 and his parents are shown in brackets. 
 
4.4.3 Haplotype and diplotype frequencies  
After excluding individuals rejected by quality control, removing individuals with novel 
haplotypes and recoding recombinant individuals, there were diplotypes for 5349 
individuals, of which 17.9% were homozygous. Haplotype frequencies are shown in 
Figure 4.5a, and diplotype frequencies in Figure 4.5b. All possible diplotypes were 
observed. 
Haplotype frequencies in individuals born in each 5-year period (of a total of 5137 
individuals with known birth years) carrying each haplotype is shown in Figure 4.6. 




1985 and 2012) there were major shifts in haplotype frequency, for example, no 
haplotype switches from rare to common. Figure 4.6 does suggest that over time there 
may be a decline in haplotype C and an increase in haplotype D.  
 
 
Figure 4.5. Haplotype (a) and diplotype (b) observed and expected frequencies under HWE 
for the 5349 individuals remaining after quality control, removal of novel haplotypes, and 






Figure 4.6. Haplotype frequencies in individuals born in each 5-year period. Sample sizes 
are shown below the birth year category, homozygous diplotypes were only counted once. 
Note that the final category includes only three cohorts as individuals born after 2012 have 
not been genotyped.  
 
4.4.4 Ewens-Watterson tests and HWE 
The number of MHC haplotyped individuals in each year was found to be a good 
approximation of the Village Bay population estimate for each year between 1989 and 
2012 (except 2010 due to high genotyping failures for that cohort the DNA from which 




Ewens-Watterson tests showed significantly negative Fnd values for each LH stage 
(Table 4.4) and for the standing population in all years (Table 4.5). Significantly 
negative Fnd values indicate balancing selection.  
HWE was calculated across four LH stages and within the standing population of each 
year. For the four life history stages, the HWE tests were all non-significant for both the 
exact tests and heterozygote excess tests (Table 4.4). When considering each cohort 
separately, ‘known conceived’ for 2012 was marginally out of HWE for the exact test (p 
= 0.023, α threshold = 0.025), with more homozygotes than expected (HE = 235.30, HO = 
223), as was ‘live born’ for the heterozygote excess test for 2004 (p = 0.021, α threshold 
= 0.025), also with more homozygotes than expected (HE = 232.02, HO = 241). All other 
years and tests for each LH did not deviate from HWE (Appendix E). The standing 
population was not found to deviate from HWE for any year in either test (Table 4.5).  
 
Figure 4.7. Sample sizes of MHC haplotype individuals in a given year (solid, orange line) 
compared to the estimated Village Bay population size of that year (dashed, purple line). 
Note that the Village Bay population estimates are calculated as individuals within Village 
Bay in October, whereas the standing population was determined here as individuals known 
to be alive in August.  
 
 
Table 4.4. Results from Ewens-Watterson tests and HWE tests (exact and heterozygote 
excess – p values) for each LH stage. Sample sizes (number of individuals with MHC 
genotypes) are shown (n). Significant p values are highlighted in bold. 
  Ewens-Watterson tests  HWE 





Known conceived 5158 0.1494 0.5475 -2.0438 < 0.0001  0.8275 0.7654 
Live born 4643 0.1499 0.5443 -2.0335 < 0.0001  0.7738 0.7462 
Survived to 1st August 3872 0.1493 0.5385 -2.0220 < 0.0001  0.6856 0.7193 




Table 4.5. Results from HWE tests (exact and heterozygote excess – p values) and Ewens-
Watterson tests for the standing population in any given year. Sample sizes (number of 
individuals with MHC genotypes) are shown (n). Significant p values are highlighted in bold. 
  Ewens-Watterson tests  HWE 





1985 91 0.1595 0.4172 -1.7359 0.0002  0.6242 0.1347 
1986 127 0.1551 0.3932 -1.6754 0.0003  0.8535 0.2719 
1987 208 0.1523 0.4199 -1.7466 0.0002  0.9252 0.3277 
1988 221 0.1505 0.4230 -1.7646 0.0001  0.7885 0.3254 
1989 179 0.1546 0.4120 -1.7161 0.0002  0.2399 0.6808 
1990 272 0.1532 0.4334 -1.7679 0.0002  0.6720 0.3951 
1991 416 0.1594 0.4535 -1.7717 0.0002  0.8801 0.2036 
1992 323 0.1552 0.4417 -1.7728 0.0001  0.7372 0.1408 
1993 457 0.1595 0.4578 -1.7805 0.0001  0.9664 0.1883 
1994 453 0.1582 0.4574 -1.7874 0.0001  0.9195 0.2702 
1995 392 0.1544 0.4508 -1.7968 0.0001  0.7951 0.0218 
1996 557 0.1536 0.4665 -1.8343 < 0.0001  0.8551 0.2383 
1997 575 0.1523 0.4678 -1.8444 < 0.0001  0.2523 0.0211 
1998 603 0.1523 0.4699 -1.8482 < 0.0001  0.5236 0.5764 
1999 334 0.1514 0.4433 -1.7994 0.0001  0.6711 0.6157 
2000 471 0.1545 0.4591 -1.8130 0.0001  0.8828 0.6200 
2001 660 0.1551 0.4737 -1.8410 < 0.0001  0.9047 0.6852 
2002 362 0.1497 0.4471 -1.8173 0.0001  0.9435 0.8358 
2003 548 0.1487 0.4658 -1.8614 < 0.0001  0.5603 0.9669 
2004 679 0.1507 0.4749 -1.8688 < 0.0001  0.1087 0.6413 
2005 416 0.1470 0.4535 -1.8464 < 0.0001  0.1848 0.9490 
2006 488 0.1457 0.4607 -1.8686 < 0.0001  0.5427 0.7053 
2007 457 0.1456 0.4578 -1.8632 < 0.0001  0.9135 0.6115 
2008 549 0.1439 0.4658 -1.8896 < 0.0001  0.2914 0.6082 
2009 608 0.1477 0.4702 -1.8767 < 0.0001  0.9401 0.5840 
2010 469 0.1510 0.4589 -1.8337 < 0.0001  0.8062 0.5108 
2011 607 0.1463 0.4702 -1.8845 < 0.0001  0.4780 0.5176 
2012 321 0.1509 0.4414 -1.7983 0.0001  0.4144 0.6912 
4.5 Discussion 
This chapter describes the generation of, to the best of my knowledge, the largest non-
human set of MHC data for a single population. Of 5951 individuals sampled within 
Village Bay between 1985 and 2012, MHC diplotype inference was successful for 5349 
individuals, representing a success rate of 89.2 %. There were 276 individuals excluded 
because they were only genotyped on plates 1-3, an additional 297 due to low 




novel haplotypes, and 3 due to mismatches with parental haplotypes. Although 10.8 % 
of the sampled individuals failed to be haplotyped, for those which passed the QC 
measures described here, haplotypes can be regarded as high quality and highly 
accurate, which will be beneficial to any subsequent population genetic and statistical 
analyses.  
4.5.1 Genotyping errors 
The repetition of a single individual on almost all DNA plates was valuable in detecting 
systematic failures and assessing the genotyping error rate. The high error rate (9 out 
of 22 loci) for the golden sheep on plate 3 supported the conclusion that there were 
systematic errors across plates 1-3. The genotyping error rate for the golden sheep 
across the remaining 57 plates on which it was successfully typed was only 0.48 %, 
suggesting that the error rate across individuals typed only once is likely to be similarly 
low. Whilst it is important for genotyping to be 100 % accurate for some applications, 
for instance forensic analyses, a large population study such as this would not be 
feasible under such a requirement and a compromise must be made between time, cost 
and accuracy.  
The Mendelian inheritance check demonstrated that the phased haplotypes were 
consistent between parents and offspring, with only three exceptions. For one 
individual, 4597, SNP-level genotype inconsistencies with parents were identified at 
three loci, and at a single locus for individual 5864, although only a single parent was 
known.  Whilst this suggests that genotyping errors can lead to incorrect haplotype 
inferences, in this population, with good pedigree information, it is clearly possible to 
detect such errors.  
4.5.2 Novel haplotypes 
There were 20 novel haplotypes identified in 26 individuals (0.5 % of haplotyped 
individuals), which were probably due to genotyping errors. Eight of these individuals 
were identified as having genotype Mendelian inheritance mismatches to at least one 
parent for at least one SNP locus. Some of these mismatches could have been caused by 
allelic dropout. At the haplotype level, all of the individuals carrying novel haplotypes 
and at least one genotyped parent or offspring were identified as having Mendelian 
inheritance mismatches. In all cases, the novel haplotype profiles were only a single 




explanation would be a genotyping error. The positions of these base changes were not 
consistent, suggesting that no one SNP locus was performing particularly poorly. Six 
individuals carrying novel haplotypes had between one and three SNP genotypes 
missing, and so poor imputation could also have generated these errors, although the 
overall error rate appears to be low and detectable using the QC methods carried out 
here.   
4.5.3 Origin of the recombination event 
The recombination event between haplotypes B and H identified in chapter 3 was 
found in an additional 55 related individuals, and could be traced back through the 
pedigree to a gametogenesis event in the mother of individual 4179. This recombinant 
SNP profile was identified initially in individual 4179 because he was genotyped on the 
Ovine Infinium HD Beadchip. Individuals were selected for genotyping on this chip 
because they were highly representative of the genetic variation within the Soay sheep 
population (Johnston et al. 2016). Individual 4179 was very prolific with a large 
number of descendants, hence his inclusion on the HD SNP chip. Of 4179’s 53 known 
offspring, 45 have been haplotyped, and 26 were identified as carrying the recombinant 
haplotype. An additional two offspring of 4179 were imputed as carrying the 
recombinant haplotype as their own offspring carried it (see Figure 4.4). This highlights 
the value in having used individuals that were selected to be highly representative of 
the variation in the population to select the SNPs for the MHC panel. Were this 
recombination event not identified, and therefore not detectable, a substantial number 
of haplotypes would have been incorrectly imputed, which could have impacted 
subsequent analyses.  
4.5.4 Haplotype and diplotype frequencies 
All possible diplotypes were identified within the population, although the rarest, 
homozygote for D, was only identified in six out of the 5349 individuals genotyped 
(0.11 %). Over the study period (1985 – 2012), 5137 haplotyped individuals had 
known birth years (or expected birth years in the case of foetuses). There was no 
evidence of any dramatic shifts in haplotype frequencies of these individuals, which 
include the haplotypes of all individuals known to have been conceived. Figure 4.6 
shows there may be a slight decrease in haplotype C and a slight increase in haplotype 
D which might warrant further investigation to identify whether these shifts are 




4.5.5 Ewens-Watterson tests and HWE 
The Ewens-Watterson tests were significantly negative for all LH stages, and within 
every year (1985-2012) for the standing population, and remained significant after 
sequential Bonferroni correction. This means that the observed level of homozygosity 
was consistently less than the expected homozygosity under neutrality, which indicates 
that allele frequencies were more even than expected, due to balancing selection 
(Ewens 1972; Watterson 1978). This pattern of lack of deviation from HWE but 
evidence of balancing selection using the Ewens-Watterson test was also observed at 
the DRB1 microsatellite OLADRB (Paterson 1998). The Ewens-Watterson test assumes 
a constant population size (Spurgin & Richardson 2010), but the studied Soay sheep 
population on the island of Hirta was founded from 85 breeding individuals in 1932 
(Boyd 1953; Boyd et al. 1964), with population growth interspersed with high 
mortality years since (Clutton-Brock et al. 2004a). It is unlikely that these demographic 
processes could have caused the observed pattern of even haplotype frequencies at the 
MHC class II haplotypes identified here as similar patterns would be expected at 
neutral loci, and no such evidence was found by Ewens-Watterson tests in MHC 
flanking microsatellites (Paterson 1998) and neutral microsatellites on chromosomes 
other than 20 where the MHC is located (Charbonnel & Pemberton 2005).  
There was no evidence of deviations from HWE at any of the LH stages tested here 
(Table 4.4), nor within the standing population of any given year (Table 4.5). Whilst 
HWE was also tested for in each cohort at each LH stage (Appendix E), sample sizes 
were often small, especially in the ‘survived to second August’ category, which may 
limit the power to detect any deviations. Deviations from HWE were identified in the 
exact test for the ‘known conceived’ stage in 2012 and for the heterozygote excess test 
in at the ‘live born’ stage in 2004 (both an excess of homozygotes); however, 
significance was marginal after applying sequential Bonferroni correction and so some 
caution should be applied in considering this evidence of deviation from HWE. Whilst 
deviation from HWE can indicate selective or demographic processes operating within 
the population (Guo & Thompson 1992; Spurgin & Richardson 2010), lack of deviation 
from HWE does not necessarily provide good evidence to the contrary (Spurgin & 











5. Associations between 
haplotypes and phenotypic traits 








Pathogen-mediated selection (PMS) is thought to maintain the high levels of diversity 
observed at the MHC in many species. There are three key modes of selection thought 
to operate under PMS: heterozygote advantage, negative frequency-dependent 
selection and fluctuating selection. Testing these hypotheses requires locus-specific 
genotypes across multiple loci for large numbers of individuals, as well as 
corresponding phenotype data. In previous chapters, the class IIa haplotypes were 
characterised in the Soay sheep, and diplotypes were generated for over 5000 
individuals. Because the Soay sheep of St. Kilda have been intensively monitored at an 
individual level since 1985, there is also a wealth of corresponding samples and data, 
such as weight, immune measures and parasitological data. Mixed effects models were 
used to investigate the relationships between heterozygosity or haplotypes and three 
ways of measuring health status (weight, anti-Teladorsagia circumcincta IgA, IgE and 
IgG, and faecal egg count – FEC), whilst accounting for potentially confounding effects. 
Analyses were also carried out within an animal model framework to incorporate a 
relatedness matrix and account for additive genetic variance for the traits. 
Heterozygosity was not found to be associated to any of the five traits analysed. 
Numerous associations were identified between the presence of a haplotype and all five 
traits in different age-sex classes. By carrying out analyses using both standard 
generalised linear mixed models and animal models, it was clear that a number of 
apparently strong associations were lost after accounting for relatedness. However, 
from a highly conservative perspective, where an association is considered significant 
at the Bonferroni threshold within an animal model, five haplotypes (B, C, E, F and G) 
were associated with variation in August weight, IgE titres, IgG titres and FEC in 
yearlings and adults, but no strong associations were identified in lambs. The lack of 
associations between heterozygosity and traits suggests that heterozygote advantage is 
unlikely to be operating. Associations between specific haplotypes and traits, on the 
other hand, suggests that negative frequency-dependent or fluctuating selection is 
likely operating in the Soay sheep.  




Diversity at MHC genes is remarkably high. Substantial effort has been made by many 
researchers to investigate how such high levels of variation are maintained, across a 
wide variety of vertebrate taxa in both natural and experimental conditions, and 
through theoretical modelling (as discussed in Chapter 1, Appendix A). Pathogen-
mediated selection (PMS) is frequently implicated in such studies (Bernatchez & 
Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 2010). The key PMS 
mechanisms involved, which are not necessarily mutually exclusive, are heterozygote 
advantage (Doherty & Zinkernagel 1975; Slade & McCallum 1992) and variation in 
selection pressure through either negative frequency-dependent selection (NFDS; 
(Apanius et al. 1997)) or fluctuating selection (Hill 1991; Hedrick 2002). Heterozygote 
advantage occurs when heterozygotes have greater fitness than either homozygote 
class (Takahata & Nei 1990; Hughes & Nei 1992; McClelland, Penn & Potts 2003). NFDS 
occurs due to rare allele advantage. Pathogens are predicted to be under selection 
pressure to evade the most common MHC genotypes, resulting in rare MHC genotypes 
enjoying a selective advantage, and creating a cyclical co-evolutionary arms race 
(Takahata & Nei 1990; Slade & McCallum 1992). Under fluctuating selection (FS), 
directional selection due to variation in pathogen pressure varies in time and space 
such that it maintains diversity (Hedrick 2002).  
Testing these hypotheses is challenging, both experimentally and within wild systems. 
Experimental setups are rarely capable of replicating the wide array of pathogens and 
parasites that occurs within a wild host (although see Kalbe et al. 2009; Eizaguirre et al. 
2012a), and are often therefore limited in the conclusions that they can draw about 
natural processes. Conversely, in wild systems, MHC diversity combined with variation 
in genetic background, pathogen diversity and the different environmental conditions 
experienced by different individuals over their ontologies makes it difficult for such 
studies to disentangle the effects of MHC variation and the selection pressures acting 
upon it.   
Evidence of selection on MHC genes can be investigated by looking for the signature of 
historical balancing selection or by looking for contemporary selection across multiple 
populations or within a single population (Piertney & Oliver 2006; Spurgin & 
Richardson 2010). Nucleotide variation in expressed regions can reveal information 




synonymous substitutions (dN/dS) is an indicator of positive selection in a DNA 
sequence (Hill & Hastie 1987; Hughes & Nei 1992). Patterns of MHC diversity amongst 
different populations compared with diversity in genome regions deemed to be neutral 
can reveal information about contemporary selection, for example more even allele 
frequencies at MHC than neutral markers within a population may suggest similar 
selection pressures at the MHC, whilst greater divergence at MHC than at neutral 
markers between populations might indicate adaptive variation and therefore 
divergent selection. Both patterns, however, suggest balancing selection within the 
species, likely NFDS or FS acting at either the species level, in the first instance, or the 
population level (Spurgin & Richardson 2010). However, to investigate if contemporary 
selection is acting within a single population, it is necessary to assess the temporal or 
spatial variation in MHC allele frequencies (NFDS or FS), look for directional selection 
on different alleles or haplotypes (NFDS or FS) or to look for associations between MHC 
genotypes and phenotypes (NFDS or FS) or heterozygosity. Separating the processes of 
NFDS and FS, however, is more challenging as the effects on patterns of MHC diversity 
are very similar, may require observations of both pathogens and hosts over 
evolutionary time, and multiple mechanisms may be acting on a population at the same 
time (Spurgin & Richardson 2010).  
This study investigates the associations between MHC class IIa haplotypes and 
phenotypes related to health in an unmanaged population of Soay sheep on St. Kilda. 
The Soay sheep are descendants of an early domestication of sheep (Ovis aries) but 
have lived on the islands of the St Kilda archipelago virtually unmanaged, and therefore 
subject to natural and sexual selection for several thousand years (Clutton-Brock et al. 
2004b). The population does not have any predators or competitors for food, and 
undergoes regular density-dependent population crashes, when mortality is related to 
winter weather, density, age, sex (Coulson et al. 2001) and parasite burden (Clutton-
Brock et al. 2004a). Gastrointestinal nematodes (GIN) are prevalent in the Soay sheep, 
with virtually 100 % prevalence in lambs, and immunity to GIN develops with age, 
which is more pronounced in females than males (Wilson et al. 2004; Craig, Pilkington 
& Pemberton 2006; Craig et al. 2008). GIN are a major selective force on the Soay sheep 
(Gulland 1992; Craig et al. 2006; Hayward et al. 2011), and parasite burden, measured 
as faecal egg counts (FEC), is negatively associated with body weight and size (Coltman 
et al. 2001a; Craig et al. 2008) and over-winter survival (Gulland 1992; Gulland & Fox 
1992; Gulland et al. 1993; Illius et al. 1995; Hayward et al. 2011). FEC is heritable in 
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lambs (0.26 ± 0.12 (Beraldi et al. 2007)) and lowly heritable in adults (Females:  0.0 – 
0.05 ± 0.02, Males: 0.0 – 0.12 ± 0.03 (Beraldi et al. 2007; Robinson et al. 2009)), 
demonstrating that there is a genetic basis to GIN resistance.  
In Soay sheep, the relationships between MHC class IIa variation and FEC or over-
winter survival in lambs and yearlings have been investigated previously using the 
microsatellite OLADRB located within the second intron of the class II MHC DRB1 gene 
(Paterson 1998; Charbonnel & Pemberton 2005). Paterson et al. (1998) showed that, 
between 1985 and 1994, the OLADRB 257 bp allele was associated with both increased 
FEC and reduced survival in lambs, whilst the OLADRB 263 bp allele was associated 
with both decreased FEC and increased survival in yearlings. Overall heterozygosity at 
OLADRB was not found to be associated with either trait. Charbonnel and Pemberton 
(2005) showed that there was some evidence of spatial differentiation in the OLADRB 
microsatellite between three spatially defined areas of the population which was not 
evident at five presumably neutral loci, and evidence of temporal variation in one of the 
three areas, which may indicate fluctuating selection is operating. While OLADRB does 
reflect functional variation at DRB1  (Paterson 1998), the characterisation of multiple 
class IIa loci (Chapter 2 and see Appendix C) shows that the DRB1 locus or OLADRB 
alone are not fully predictive of class IIa haplotypic variation.  
This study aims to re-investigate the relationships between MHC class IIa variation and 
FEC in Soay sheep, as well as with other phenotypic measures associated with health, 
using the haplotype data generated for thousands of individuals via KASP (Chapter 4). 
This includes an additional 18 years of data, compared to the Paterson et al. (1998) 
study which greatly increases the sample size of lambs and yearlings with matched 
genotypic and phenotypic data. Additionally, this work increases samples sizes of 
adults to enable association studies to be carried out in this age class. MHC studies have 
rarely been carried out in adult sheep (but see Martinez-Valladares et al. 2005), 
probably due to a focus on lamb productivity, as well as reduced GIN burden in adults 
compared to lambs (Craig et al. 2008).  
In this chapter, associations between MHC class IIa haplotypes and three ways of 
measuring health status (five traits in all) in Soay sheep. August weight is negatively 
correlated with FEC (Coltman et al. 2001a; Craig et al. 2008; Hayward et al. 2014b) and 
positively correlated with fitness (Milner et al. 1999; Jones et al. 2005). Anti-
Teladorsagia circumcincta (Anti-T. circ) immunoglobulin (Ig) A is negatively associated 




(Nussey et al. 2014), and anti-T. circ IgG is positively associated with survival (Nussey 
et al. 2014; Watson 2016). FEC is negatively correlated with survival in lambs 
(Hayward et al. 2011). Associations between haplotypes and traits should, therefore, be 
indicative of selection.  
5.3 Methods 
5.3.1 General field data collection 
The Village Bay population of Soay sheep has been intensively studied since 1985 (see 
Chapter 1). Lambing (April and May) is monitored to determine day of birth, litter size 
and mother’s ID, and approximately 90 % of lambs are caught shortly after birth, 
tagged for individual identification, and phenotypic measurements, blood and ear 
punch samples are collected. In August, 50 – 60 % of the population is rounded up and 
phenotypic measurements (including body weight), blood and faecal samples are 
collected. Small samples of individuals which were treated with anti-helminthic boluses 
or drenches for experimental purposes (1991-1992, 1995 and 2001-2002; (Wilson et 
al. 2004; Craig et al. 2009)) were excluded from analyses for all years following 
treatment.  
5.3.2 Pedigree 
Maternal ID is primarily determined by observation during lambing. Where this has not 
been possible, for example lambs born after the lambing team has left, maternal ID is 
assigned by observation of mother and lamb during the August catch, when lambs are 
still closely associated with and suckled by their mothers. If an observational maternal 
ID cannot be obtained, for example for neonates found dead on the hill, it is determined 
genetically. Paternal ID is always determined genetically. Genetic parentage 
assignments were carried out by Bérénos et al. (2014). Briefly, assignments were 
inferred from 315 unlinked SNPs within MASTERBAYES (Hadfield, Richardson & Burke 
2006). Additionally, the R package SEQUOIA (Huisman 2017) was used to cluster half-
siblings which share a parent that has not been genotyped, by assigning dummy parent 
IDs. The combined observational and genetic pedigree includes 7447 individuals 
(including 332 dummy IDs), 7014 paternal links (including 722 dummy ID links) and 
6229 maternal links.  
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5.3.3 Data analyses 
MHC class IIa haplotypes were tested for associations with variation in five health-
related traits: August weight, three different plasma immunoglobulin measures and 
strongyle parasite burden, using general or generalised linear mixed effects models 
(GLMM). This enabled any effect of the haplotypes to be assessed after accounting for 
other variables known to affect the trait of interest by including them in the model. The 
fixed and random effects considered for each trait are detailed below.  
Initially, a non-genetic model was determined for each trait by assessing the 
significance of the fixed effects by deletion testing, where the full model is compared to 
a reduced model lacking the term of interest, and comparing the likelihood ratios of the 
two models. The terms tested are shown in Table 5.1. The least significant term was 
dropped and terms were re-tested until all terms remained significant. Fixed effects of 
sex and a measure of genome-wide inbreeding Fhat3, (Yang et al. 2011), which is 
strongly correlated with genome-wide heterozygosity and has been shown depress 
several traits including fitness components (Berenos et al 2016), were retained in the 
model even if they were not significant to ensure that any MHC associations identified 
were over and above any effects of sex or genome-wide inbreeding. The significance of 
random effects was tested in the same manner, but they were only excluded from a 
model if the variance explained by the term was extremely small and not-significant 
and they were thought unlikely to be important based on first principles.  
Following selection of the non-genetic model, the associations between the MHC class II 
haplotypes and traits were tested by adding the term as a fixed effect and deletion 
testing as for the non-genetic models. Three different tests were performed for each 
response variable. Firstly, to test whether heterozygosity was associated with trait 
variation, heterozygosity was fitted as a two-level factor (heterozygous or homozygous, 
irrespective of the diplotype). Secondly, to determine whether particular haplotypes 
were associated with traits, two separate models were constructed for each haplotype. 
These two models were: i) presence/absence of a haplotype, fitted as a two-level factor 
where each individual either carried the haplotype (1) or did not (0) and ii) as dosage 
of a particular haplotype, where sample size permitted (≥ 10 homozygotes within an 
age or age-sex class), fitted as a three-level factor where an individual either does not 
carry the haplotype (0), is heterozygous for the haplotype irrespective of the partner 
haplotype (1) or homozygous for the haplotype (2). For each of the haplotype-specific 




haplotypes) to reduce the likelihood of type I errors arising due to multiple testing. 
Thus, an association between a haplotype and trait was significant if p < 0.0065, and 
was referred to as marginal or a trend where 0.00625 < p < 0.05. Because males and 
females may invest differently in their immune systems and MHC alleles may therefore 
be under different levels of selection in the two sexes, I tested for haplotype by sex 
interactions where separate-sex models were not already being constructed.  Very few 
of haplotype-by-sex interactions were significant and none after Bonferroni correction; 
the significance test for each interaction model is included in Appendix F but results are 
not shown here.  
Because it is an individual-based project studying all individuals living in a defined 
study area, the Soay sheep data set includes related individuals and this has potentially 
important ramifications for study selection on specific genome regions. Female Soay 
sheep are philopatric so the female population consists of a range of female relatives. 
The mating system is highly promiscuous so that lambs born in the same or adjacent 
cohorts may share the same sire. Therefore, there is a risk that estimates of MHC 
haplotype effects will be biased by including related individuals in the GLMM analysis – 
for example a rare haplotype may occur at high frequency in a lineage which, due to 
shared genetics elsewhere in the genome, has extreme breeding values for a trait. To 
account for this, the putative haplotype effects were also assessed within an animal 
model (AM) framework, in which a relatedness matrix based on the pedigree is fitted as 
a random effect and the additive genetic variance for a trait (and hence its heritability) 
can be estimated. This approach enabled separation of any haplotype-trait associations 
from additive genetic variance for the traits due to effects elsewhere in the genome.  
All statistical analyses were carried out in R version 3.4.0 (R Core Team 2017). General 
linear mixed effects models were carried out in the package lme 4 version 1.1-13 (Bates 
et al. 2015) and generalised linear mixed effects models in glmmADMB version 0.8.4 
(Fournier et al. 2012). Animal models were carried out using ASReml-R version 3.0 
(Gilmore et al. 2009). 
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Table 5.1. Fixed and random effects tested in mixed effects models of health-related traits. 
Variables highlighted in grey were included as fixed effects and those  
  August body weight Immunoglobulins FEC 
 
 











Sex Y Y Y Y Y Y Y Y 













Age2   Y  Y   Y 
Fhat3 Y Y Y   Y Y Y 
Birth weight Y     Y   
August weightb      Y Y Y 
Maternal Age      Y   








ID   Y  Y   Y 
Birth year Y Y Y Y Y Y  Y 
Capture year   Y  Y  Y Y 
Maternal ID Y   Y  Y Y Y 
ELISA plate ID    Y Y    
ELISA plate 
Run Date 
   Y Y    
a Mean centred for lamb models 
b Mean centred 
5.3.4 The trait data 
5.3.4.1 August body weight 
During August, all sheep that are caught are weighed to the nearest 0.1 kg.  August 
weight was normally distributed and modelled with a Gaussian error structure. 
Heritability of August weight is known to vary with age (Wilson et al. 2007). Separate 
models were run for the different age classes (lambs, yearlings and adults) (Bérénos et 
al. 2014). Distribution of August weight measures in each age and sex class are shown 
in Figure 5.1 and sample numbers of individuals in each age and haplotype class are 





Figure 5.1. Histograms showing the distribution of August weight (kg) measures in each age 
and sex class. 
 
Table 5.2. Number of individuals within each haplotype-dosage category. For 
presence/absence-of-haplotype models, present category (1) is the sum of n1 and n2. 
  
Haplotype 
Age Dosage category A B C D E F G H 
Lambs n0 – absent 1047 924 1185 1398 1196 1078 1117 1268 
 
n1 – 1 copy 404 498 300 96 291 384 354 219 
 
n2 – 2 copies 47 76 13 4 11 36 27 11 
Yearlings n0 – absent 598 531 672 812 690 640 650 717 
 
n1 – 1 copy 248 298 183 54 168 209 202 142 
 
n2 – 2 copies 20 37 11 0 8 17 14 7 
Adults n0 – absent 628 579 698 871 747 682 705 795 
 
n1 – 1 copy 277 300 214 56 173 227 210 125 
 
n2 – 2 copies 23 49 16 1 8 19 13 8 
 
5.3.4.2 Anti-Teladorsagia circumcincta immunoglobulin (Ig) measures 
Immunoglobulin isotypes IgA, IgE and IgG are antibodies involved in the acquired 
immune response to GIN in sheep (Stear, Strain & Bishop 1999a; Lee et al. 2011; 
Hayward 2013). Parasite-specific IgA acts at mucosal surfaces and is known reduce 
worm growth and fecundity (Stear et al. 1999a, 2004; Gutiérrez-Gil et al. 2010; Lee et 
al. 2011). Parasite-specific IgE is also predominantly at mucosal surfaces and is 
involved in the degranulation of mast cells, which are white blood cells involved in 
parasite expulsion (Murphy et al. 2010). IgG is the primary plasma antibody which can 
interact directly with the parasite on ingestion of blood or gastric mucus.  
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During August captures, up to 9 mL of whole blood is collected into lithium heparin 
tubes and stored at 4 °C until processed, which occurs within 48 hours. Samples are 
centrifuged at 3000 r.p.m. (approximately 1500 g) for 10 mins, and the plasma is 
removed and stored at –20 °C. The activity of IgA, IgE and IgG against Teladorsagia 
circumcincta third stage larvae (L3) was measured by Kathryn Watt, Alex Sparks and 
Rona Sinclair using direct (IgA and IgG) and indirect (IgE) ELISAs, using a protocol 
similar to that described previously by Nussey et al. (2014), and described in full here.  
The capture antigen for both the direct and indirect assays was T. circumcincta L3 
somatic antigen (Moredun Research Institute). The capture antigen was diluted to 
2 μL/mL in 0.06M carbonate buffer (pH 9.6), and 50 μL added to each well of a Nunc-
immuno 96-microwell plate. The plate was covered and incubated overnight at 4 °C, 
and then washed with tris-buffered saline-Tween (TBST) using a plate washer. Soay 
sheep plasma sample was diluted 1:50 for IgA and IgE, and 1:12800 for IgG, and 50 μL 
added to each well. The plate was then covered and incubated at 37 °C for 1 hour, 
before washing five times with TBST.  
For the direct ELISAs (IgA and IgG), 50 μL of 1:16000 diluted rabbit anti-sheep IgA 
detection antibody conjugated to horseradish peroxidase (HRP; AbD Serotec AHP949P) 
was added to each well, or 50 μL of 1:16000 diluted rabbit anti-sheep IgG detection 
antibody conjugated HRP (AbD Serotec 5184-2104) was added to each well. For the 
indirect IgE ELISA, 50 μL of 1:100 diluted anti-sheep IgE (mouse monoclonal IgG1, 
clone 2F1, provided by the Moredun Research Institute) was added to each well, 
incubated for 1 hour at 37 °C, washed five times with TBST, and then 50 μL of 1:8000 
diluted (in TBST) goat anti-mouse IgG1-HRP detection antibody (AbD Serotec 
STAR132P) was added to each well.  
All plates were then incubated for 1 hour at 37 °C, washed five times with TBST, and 
100 μL of SureBlue TMB 1-Component microwell peroxidase substrate was added to 
each well and incubated in the dark for 5 minutes at 37 °C. Reactions were then 
stopped by adding 100 μL of 1M hydrochloric acid to each well. Optical densities (OD) 
were read immediately at 450 nm using a ThermoScientific GO Spectrophotometer.  
A number of quality control measures were used throughout. Firstly, to minimise any 
confounding effects of capture year or age with variation between plates, each plate 
included samples from two randomly paired years, and each year included different 




were compared, and if the variation was large, both samples were discarded. 
Additionally, if the correlation of paired ODs across the duplicated plates was r < 0.8, 
both plates were re-run. Secondly, every plate included two blank wells (containing 
50 μL TBST instead of a plasma) and two positive controls – for the IgA and IgG assays 
these were plasma samples from healthy, non-immunised domestic sheep, and for the 
IgE assays they were serum from ewes trickle infected with T. circumcincta. The 
numbers of samples that failed quality control measures were 13 for IgA, 8 for IgE and 
27 for IgG.  
Due to the lack of standard solutions, all results were measured as OD values. The OD 
ratio of each sample was calculated as (sample OD – blank OD) / (positive control OD – 
blank OD). If the blank OD was greater than the sample OD, the OD ratio was set to zero 
to prevent negative OD ratios. The mean OD ratio was then calculated for each 
duplicated sample, and these values were used in all subsequent analyses.    
The distribution of immunoglobulin measures differed between lambs and adults (see 
Figure 5.2). Lambs, which are aged 4 months when sampled, are expected to be still in 
the process of developing their acquired immune system, and therefore their 
immunoglobulin measures may be more likely to vary than older animals. As there was 
no difference in the distributions between yearlings and adults (data not shown), 
immunoglobulins were modelled separately for lambs and adults (aged 1 year and 
older). Distributions of anti-T. circ IgA, IgE and IgG were not normally distributed in 
lambs, although diagnostic plots showed that residuals were not too badly distributed 
for anti-T. circ IgA and IgG (not shown). Consequently, for lambs, analyses were carried 
out on both untransformed and Box-Cox transformed immunoglobulin measures. As 
transformation had almost no effect on coefficient estimates, results from models using 
untransformed responses are presented. Distributions of anti-T. circ IgA, IgE and IgG 
were normally distributed in adults and therefore not transformed. Distributions of 
measures for each age and sex category are shown for each immunoglobulin isotype in 
Figure 5.2, and numbers of individuals within each age sex and haplotype category in 
Table 5.2. 




Figure 5.2. Distribution of mean OD for each immunoglobulin isotype in each age and sex 
category.  
 
Table 5.3. Number of individuals within each haplotype-dosage category for immunoglobulin 





Age A B C D E F G H 
Lambs n0 – absent 1084 958 1256 1469 1260 1143 1177 1334 
 
n1 – 1 copy 437 530 303 100 299 394 368 229 
  n2 – 2 copies 52 85 14 4 14 36 28 10 
Adults n0 – absent 771 708 876 1078 917 845 871 956 
 
n1 – 1 copy 337 379 249 63 214 275 253 174 






5.3.4.3 Faecal Egg Counts (FEC) 
Faecal samples are collected from as many individuals as possible during capture and 
processing in August. Faecal egg counts (FEC) of nematode worms are performed using 
a modified McMaster technique (MAFF 1986), as described in Gulland & Fox (1992) 
and Wilson et. al (2004). This protocol enumerates Strongyle-type eggs per gram of wet 
weight faeces, but does not differentiate between several morphologically 
indistinguishable species. Of the species contributing to FEC on St Kilda, 
Trichostrongylus axei, Trichostrongylus vitrinus and Teladorsagia circumcinta eggs are 
the most abundant, but eggs from Chabertia ovina, Bunostomum trigonocephalus, as 
well as Strongyloides papillosus may also be present (Craig et al. 2006). This measure of 
FEC has been shown previously to be correlated with adult worm count within the 
abomasum in Soay sheep on St. Kilda and on Lundy (Grenfell et al. 1995; Boyd 1999; 
Wilson et al. 2004), and is therefore considered a good index of worm burden.  
The distribution of FEC is known to differ between age classes and sexes in Soay sheep 
(Figure 5.3; (Gulland & Fox 1992; Wilson et al. 2004; Craig et al. 2006), and FEC 
declines with age in females but not males (Craig et al. 2006). In adults, FEC is 
repeatable and previous analyses have demonstrated heritable variation in FEC in Soay 
sheep (Coltman et al. 2001a; Beraldi et al. 2007; Hayward et al. 2014a; b). Separate 
models were run for lambs, yearlings and adults, and for each sex in yearlings and 
adults.  
FEC is overdispersed in all sex-age groups, and was thus modelled with a negative 
binomial error structure within a generalised linear mixed effects model (Wilson & 
Grenfell 1997).  In order to fit FEC within an animal model in ASREML-R, which cannot 
fit a negative binomial error structure, FEC was also log transformed, as Log(FEC+50), 
adding half the minimum detection limit (100 eggs/g). Model estimates from the mixed 
effects models (from here on termed GLMM) with Gaussian errors were compared to 
those from the GLMM with negative binomial errors, to show that estimates and 
confidence intervals were similar for the presence/absence-of-haplotype analyses but 
diverged for some haplotypes when analysing dosage (see Appendix F for details). 
Log(FEC+50) was then fitted within an AM in the same manner as for August weight 
and immunoglobulin models, but effects were interpreted with caution. Numbers of 
individuals within each sex, age and haplotype-dosage category are shown in Table 5.4. 




Figure 5.3. FEC distributions in each age and sex class.  
 
 
Table 5.4. Number of individuals within each haplotype-dosage category for FEC analyses. 
For presence/absence-of-haplotype models, present category (1) is the sum of n1 and n2. 
  
  Dosage 
category 
Haplotype 
Age Sex A B C D E F G H 
Lambs Combined n0 – absent 1111 968 1290 1529 1285 1197 1220 1379 
  
n1 – 1 copy 451 559 316 87 322 381 374 232 
  
n2 – 2 copies 58 93 14 4 13 42 26 9 
Yearlings Females n0 – absent 306 268 332 400 338 316 325 368 
  
n1 – 1 copy 119 144 96 33 90 109 102 63 
  
n2 – 2 copies 8 21 5 0 5 8 6 2 
 
Males n0 – absent 216 183 243 292 254 230 232 244 
  
n1 – 1 copy 82 112 61 16 53 70 71 59 
  
n2 – 2 copies 10 13 4 0 1 8 5 5 
Adults Females n0 – absent 416 390 464 581 497 464 471 533 
  
n1 – 1 copy 187 193 146 38 119 145 138 82 
  
n2 – 2 copies 17 37 10 1 4 11 11 5 
 
Males n0 – absent 159 146 186 218 193 163 179 199 
  
n1 – 1 copy 71 82 44 17 39 64 54 33 








5.4.1 August weight 
There was no association between MHC class IIa haplotype heterozygosity and August 
weight in lambs (p = 0.658), yearlings (p = 0.700), or adults (p = 0.279). In lambs, there 
were also no associations between any of the MHC class IIa haplotypes and August 
weight (Figure 5.4a-b, Appendix F) when considering either presence or dosage of the 
haplotypes.  
In yearlings Haplotypes E and G were associated with weight (Figure 5.4c-d, Appendix 
F). The presence of haplotype E was associated with reduced August weight (GLMM: β1 
= –0.756 ± 0.226, p = 0.001; AM: β1 = –0.738 ± 0.239, p – 0.002, where βi ± SE, where i 
denotes the presence/absence category or dosage category of the estimate), but dosage 
of haplotype E was not assessed due to the small sample size of homozygotes (n = 8). 
The presence of haplotype G was associated with increased weight (GLMM: β1 = 0.712 ± 
0.213, p = 0.001; AM: β1 = 0.688 ± 0.231, p = 0.003), and there was a weak association 
in the same direction within dosage models (GLMM: β1 = 0.712 ± 0.219, β2 = 0.708 ± 
0.785 p = 0.004; AM: β1 = 0.695 ± 0.234, β2 = 0.540 ± 0.788, p = 0.012).  
In adults, August weight was associated with haplotypes C and G (Figure 5.4e-f, 
Appendix F). Weight was reduced in adults carrying haplotype C (GLMM: β1 = –0.636 ± 
0.203, p = 0.0018; AM: β1 = –0.618 ± 0.225 p = 0.006) (Figure 5.4e), and this association 
was also marginally significant in the analysis of dosage (GLMM: β1 = –0.627 ± 0.208, β2 
= –0.752 ± 0.673, p = 0.0075; AM: β1 = –0.632 ± 0.227, β2 = –0.310 ± 0.670, p = 0.021) 
(Figure 5.4f). Weight was greater in those individuals carrying haplotype G, though it 
was not significant within the AM (GLMM: β1 = –0.586 ± 0.206, p = 0.004; AM: p = 0.11) 
(Figure 5.4e), and the association with dosage of haplotype G was marginal in the 
GLMM but not significant in the AM (GLMM: β1 = –0.562 ± 0.211, β2 = –0.952 ± 0.762, p 
= 0.016; AM: p = 0.27) (Figure 5.4f).  




Figure 5.4. Effect sizes (and SE) from GLMMs of August weight in lambs for haplotype 
presence/absence (a) and dosage (b; light is one copy, dark is two copies); in yearlings for 
haplotype presence/absence (c) and dosage (d; light is one copy, dark is two copies); and in 
adults for haplotype presence/absence (e) and dosage (f; light is one copy, dark is two 
copies). The line at effect size 0 represents the intercept value for the haplotype-absent 
category (i.e. 0 in presence/absence or dosage). Significance in GLMMs (asterisks) and AM 
(cross) at the Bonferroni threshold (p < 0.0625) is indicated as *** or +++, and marginal 






5.4.2.1 Anti-T. circ IgA 
There was no association between MHC class IIa heterozygosity and anti-T. circ IgA 
titres in lambs (p = 0.612) or adults (p = 0.771). 
Anti-T. circ IgA titres were significantly higher in lambs with haplotype C (β1 = 0.092 ± 
0.031, p = 0.003) and marginally lower in lambs with haplotype F (β1 = –0.066 ± 0.027, 
p = 0.016) (Figure 5.5a). When tested within an animal model, haplotype C was 
marginally significant after Bonferroni correction (β1 = 0.066 ± 0.033, p = 0.043) and 
haplotype F was not significant (p = 0.27). The association between anti-T. circ IgA and 
dosage was marginal for both haplotype C (β1 = 0.087 ± 0.031, β2 = 0.208 ± 0.126, p = 
0.007) and haplotype F (β1 = –0.061 ± 0.028, β2 = –0.137 ± 0.079, p = 0.03) (Figure 
5.5b), though neither haplotype C (p = 0.108) or haplotype F (p = 0.5339) were 
significant when tested in an AM (Appendix F). Within the GLMMs, there were no 
associations between haplotype E (p = 0.054) and haplotype G (p = 0.356), but when 
tested within an AM, haplotype E was marginally associated with increased IgA (β1 = 
0.086 ± 0.032, p = 0.0076) and haplotype G with a decreased IgA (β1 = –0.074 ± 0.003, p 
= 0.013) (Figure 5.5a).  
In adults, anti-T. circ IgA was lower in individuals carrying haplotype A (β1 = –0.105 ± 
0.033, p = 0.0017) and haplotype F (β1 = –0.104 ± 0.036, p = 0.0035), higher with 
haplotype C (β1 = 0.127 ± 0.037, p = 0.0006), and there was a trend towards higher IgA 
with haplotype D (β1 = 0.164 ± 0.067, p = 0.01) (Figure 5.5c) when analysed within an 
GLMM. Within GLMMs, the associations remained within the dosage models for 
haplotype A (β1 = –0.092 ± 0.034, β2 = –0.232 ± 0.092, p = 0.002) and haplotype C (β1 = 
0.128 ± 0.038, β2 = –0.114 ± 0.129, p = 0.002), but dosage of haplotype F was marginal 
(β1 = –0.096 ± 0.037, β2 = –0.202 ± 0.113, p = 0.009). None of these effects were 
significant when analysed within an AM (Figure 5.5d, Appendix F).  




Figure 5.5. Effect sizes (and SE) from GLMM of associations between anti-T. circ IgA titres 
and a) presence of haplotypes in lambs, b) dosage in lambs where light is one copy and dark 
is two copies, c) presence of haplotype in adults and d) dosage in adults (light is one copy, 
dark is two copies). The line at effect size 0 represents the intercept value for then 
haplotype-absent category (i.e. 0 in presence/absence or dosage). Significance in GLMMs 
(asterisks) and AM (cross) at the Bonferroni threshold (p < 0.0625) is indicated as *** or +++, 
and marginal significance (p < 0.05) as * or +. Note sample sizes were too small to analyse 







5.4.2.2 Anti-T. circ IgE 
There was no association between heterozygosity status and anti-T. circ IgE titres in 
lambs (p = 0.798) or adults (p = 0.807). 
In lambs, anti-T. circ IgE titres tended to decline with haplotype A (β1 = –0.013 ± 0.006, 
p = 0.04) and increase with haplotypes D (β1 = 0.026 ± 0.012, p = 0.032) and F (β1 = 
0.016 ± 0.007, p = 0.0149) within the GLMMs, although none of these models were 
significant after Bonferroni correction (Figure 5.6a, Appendix F). The haplotype F 
association was also marginal within the AM (β1 = 0.016 ± 0.007, p = 0.024), though 
associations were not present within the AM for haplotypes A (p = 0.114) or D (p = 
0.058) (Figure 5.6a, Appendix F). Dosage of haplotype F tended toward increased anti-
T. circ IgE titres, but only within the GLMM and not the AM (GLMM: β1 = 0.016 ± 0.007, 
β2 = 0.022 ± 0.020, p = 0.049; AM: p = 0.079) (Figure 5.6b, Appendix F). 
Anti-T. circ IgE was lower in adults possessing haplotype A (β1 = –0.091 ± 0.024, p = 
0.0002) and haplotype G (β1 = 0.081 ± 0.027, p = 0.0024), higher in adults possessing 
haplotype B (β1 = 0.105 ± 0.023, p = 0.0002) and tended to increase with haplotype D 
(β1 = –0.013 ± 0.048, p = 0.027) (Figure 5.6c). When analysed within an AM, the effect 
of haplotype B remained significant (β1 = 0.079 ± 0.026, p = 0.002), but those of 
haplotypes D (β1 = 0.123 ± 0.056, p = 0.027) and G (β1 = –0.069 ± 0.029, p = 0.019) were 
only marginal after Bonferroni correction and haplotype A was not significant (p = 
0.054) (Fig 3c, Appendix F).  Dosage of haplotype A (β1 = –0.088 ± 0.025, β2 = –0.119 ± 
0.067, p = 0.0007), B (β1 = 0.077 ± 0.024, β2 = 0.149 ± 0.053, p = 0.0004) and G (β1 = –
0.065 ± 0.027, β2 = –0.323 ± 0.094, p = 0.0003) were significant in the GLMM, but only 
haplotype B remained significant in an AM (β1 = 0.077 ± 0.026, β2 = 0.133 ± 0.055, p = 
0.005), although haplotype G was marginal (β1 = –0.066 ± 0.029, β2 = –0.191 ± 0.092, p = 
0.023) (Figure 5.6d). Dosage of haplotype D was not assessed due to the small sample 
size of the homozygotes (Table 5.3, n2 = 1).  




Figure 5.6. Effect sizes (and SE) from GLMM of associations between anti-T. circ IgE and a) 
presence of haplotypes in lambs, b) dosage in lambs where (light is one copy, dark is two 
copies), c) presence of haplotype in adults and d) dosage in adults (light is one copy, dark is 
two copies). The line at effect size 0 represents the intercept value for then haplotype-absent 
category (i.e. 0 in presence/absence or dosage). Significance in GLMMs (asterisks) and AM 
(cross) at the Bonferroni threshold (p < 0.0625) is indicated as *** or +++, and marginal 









5.4.2.3 Anti-T. circ IgG 
There was no association between MHC class IIa heterozygosity and anti-T. circ IgG 
titres in lambs (p = 0.676) or adults (p = 0.533). 
Lambs carrying haplotype E tended to have increased anti-T. circ IgG titres (β1 = 0.031 
± 0.012, p = 0.0078), which remained marginal within the AM (β1 = 0.029 ± 0.012, p = 
0.016) (Figure 5.7a). Dosage of haplotype E was marginal within the GLMM, but 
significant within the AM (GLMM: β1 = 0.026 ± 0.012, β2 = 0.155 ± 0.048, p = 0.0008; 
AM: β1 = 0.025 ± 0.012, β2 = 0.157 ± 0.047, p = 0.001), with homozygous haplotype E 
having the highest anti-T. circ IgE titres (Figure 5.7b). Haplotype B tended to be 
associated with decreased anti-T. circ IgG titres (β1 = –0.021 ± 0.009, p = 0.028), as did 
haplotype G (β1 = –0.022 ± 0.011, p = 0.041), though only the haplotype G association 
held within the AM (β1 = –0.029 ± 0.011, p = 0.009) (Figure 5.7a & b).  Neither dosage of 
haplotype A nor dosage of haplotype G were associated with anti-T. circ IgG titres 
(Appendix F).  
In adults, anti-T. circ IgG was reduced with haplotype A, although the association was 
weak within the AM (GLMM: β1 = –0.033 ± 0.011, p = 0.0045, AM: β1 = –0.038 ± 0.013, p 
= 0.046) and also reduced with haplotype F (GLMM: β1 = –0.043 ± 0.012, p = 0.0005, 
AM: β1 = –0.038 ± 0.013, p = 0.0041) (Figure 5.7c). Haplotype E was marginally 
associated with increased anti-T. circ IgG (GLMM: β1 = 0.033 ± 0.013, p = 0.013, AM: p = 
0.011) (Figure 5.7c). Dosage of haplotype F was significant within the GLMM, though 
marginal in the AM (GLMM: β1 = –0.041 ± 0.013, β2 = –0.060 ± 0.039, p = 0.002, AM: β1 = 
–0.038 ± 0.013, β2 = –0.043 ± 0.040, p = 0.040). Associations with dosage were only 
marginal within both the GLMM and AM for haplotype E (GLMM: β1 = 0.032 ± 0.014, β2 
= 0.053 ± 0.055, p = 0.044, AM: β1 = 0.025 ± 0.015, β2 = –0.073 ± 0.054, p = 0.030), but 
only within the GLMM for haplotype A (GLMM: β1 = –0.032 ± 0.012, β2 = –0.039 ± 0.032, 
p = 0.017, AM: p = 0.136), and G (GLMM: β1 = 0.008 ± 0.013, β2 = 0.116 ± 0.045, p = 












Figure 5.7. Effect sizes (and SE) from GLMM of associations between anti-T. circ IgG and a) 
presence of haplotypes in lambs, b) dosage in lambs where (light is one copy, dark is two 
copies), c) presence of haplotype in adults and d) dosage in adults (light is one copy, dark is 
two copies). The line at effect size 0 represents the intercept value for then haplotype-absent 
category (i.e. 0 in presence/absence or dosage). Significance in GLMMs (asterisks) and AM 
(cross) at the Bonferroni threshold (p < 0.0625) is indicated as *** or +++, and marginal 








There was no association between MHC class IIa heterozygosity and FEC in lambs (p = 
0.529). Nor were there any associations between FEC and heterozygosity in yearling 
females (p = 0.366), yearling males (p = 0.572), adult females (p = 0.804) or adult males 
(p = 0.936).  
In lambs, the presence of haplotype A was not significant in the GLMM but was 
marginal in the AM (GLMM: β1 = 0.133 ± 0.063, p = 0.073; AM: β1 = 0.084 ± 0.051, p = 
0.023). Dosage of haplotype A was associated with increased FEC (β1 = 0.044 ± 0.065, β2 
= 0.591 ± 0.161, p = 0.0004), with haplotype A homozygotes having the highest FEC, 
though this effect did not hold within the AM (p = 0.10) (Figure 5.8b). There was a weak 
positive association between the presence of haplotype B and lamb FEC (β1 = 0.115 ± 
0.059, p = 0.046), though this did not hold within the AM (p = 0.37). It should be 
remembered that FEC was modelled with a binomial error structure in GLMMs, but 
with a Gaussian error structure in AMs using log(FEC +50).  
 
 
Figure 5.8. Effect sizes (and SE) from LMM of associations between mean Strongyle FEC in 
lambs as either a) presence/absence of the haplotype, or b) dosage of the haplotype (light is 
one copy, dark is two copies). The line at effect size 0 represents the intercept value for then 
haplotype-absent category (i.e. 0 in presence/absence or dosage). Significance in LMMs 
(asterisks) and AM (cross) at the Bonferroni threshold (α = 0.0625) is indicated as *** or +++, 
and marginal significance (< 0.05) as * or +. Note sample sizes were too small for haplotype 
D or H in dosage analyses. 





Yearling FEC was analysed in separate models for males and females, and sample sizes 
were too small to analyse dosage effects. No associations between FEC and haplotypes 
were identified in yearling females (Figure 5.9a). Yearling males carrying haplotype A 
tended to have increased FEC in the GLMM (β1 = 0.300 ± 0.149, p = 0.042) and AM (β1 = 





Figure 5.9. Effect sizes (and SE) from GLMM of associations between mean FEC and 
presence of haplotypes in a) yearling females and b) yearling males. Significance in GLMMs 
(asterisks) and AM (cross) at the Bonferroni threshold (α = 0.0625) is indicated as *** or +++, 
and marginal significance (< 0.05) as * or +. Note that sample sizes were too small to carry 




In adult females, there were no associations between any haplotype and FEC when 
considering either presence or dosage effects within a GLMM (Figure 5.10a; Appendix 
F). When considered in an AM, there was a tendency for dosage of haplotype C to be 
associated with increased FEC (β1 = 0.028 ± 0.059, β2 = 0.513 ± 0.203, p = 0.041) in 
adult females, such that homozygotes for haplotype C had increased FEC, although the 
sample size is only n2 = 21 (Figure 5.10c, Appendix F). In adult males, on the other hand, 
the presence of haplotype C was associated with decreased FEC in the GLMM (β1 = –
0.363 ± 0.156, p = 0.025), which held in the AM (β1 = –0.355 ± 0.119, p = 0.003) (Figure 
5.10b). Dosage was not assessed for males with haplotype C due to the small sample 
size of homozygotes (n = 8). Only haplotypes A, B and F had sufficient sample sizes 
analyse dosage, but no associations were identified (Appendix F). 
 
Figure 5.10. Effect sizes (and SE) from GLMM of associations between mean FEC and 
presence of haplotypes in a) adult females and b) adult males, and c) dosage of haplotypes 
in adult females. The line at effect size 0 represents the intercept value for then haplotype-
absent category (i.e. 0 in presence/absence or dosage). Significance in GLMMs (asterisks) 
and AM (cross) at the Bonferroni threshold (α = 0.0625) is indicated as *** or +++, and 
marginal significance (< 0.05) as * or +. Note that sample sizes were too small for haplotypes 
D and H in females and all haplotypes in males to carry out dosage analyses. 




To begin to understand the nature of the evolutionary processes acting to maintain 
MHC variation within this population, the relationships between the MHC class IIa 
haplotypes and phenotypes related to health were investigated within the Soay sheep 
population of St. Kilda. The haplotypes of individuals born within Village Bay between 
1977 and 2012 were compared with August weight (nlamb = 1497, nyearling = 866, nadult = 
928), anti-T. circumcincta IgA, IgE and IgG titres (nlamb = 1578, nadult = 1142), and FEC 
(nlamb = 1620, nyearling = 433, nadult = 620). There was no effect of MHC class IIa 
heterozygosity per se on any of the traits investigated, but there were associations 
between specific haplotypes and traits within sex-age classes, which are summarised in 
Figure 5.11. From a highly conservative perspective, where an association is considered 
significant at the Bonferroni threshold within an animal model, five haplotypes (B, C, E, 
F and G) were associated with variation in August weight, IgE titres, IgG titres and FEC 
in yearlings and adults. To my knowledge, this study represents the largest analysis of 
phenotypic associations of a free-living, non-human population, and the first to have 
sufficient sample sizes across different age classes to enable robust analyses within sex 
and age classes. Additionally, it is the first study to account for relatedness among 
individuals and show that relationships between haplotypes and phenotypes may be 














Figure 5.11. Summary plot showing associations for each age (and sex) category between 
haplotypes (columns) and traits (rows) for presence/absence-of-haplotype GLMMs (a), 
presence/absence-of-haplotype AMs (b), dosage GLMMs (c) and dosage AMs (d). Note that 





5.5.1 Variation in associations across sex and age classes 
Due to the large sample sizes in this study, associations between haplotypes and traits 
were tested within different sex and age classes. The costs associated with parasite 
infections, and thus the selection imposed by parasites on immunogenetic variation, 
may vary over ontogeny (Eizaguirre, Lenz & Eklund 2010). Parasites exert strong 
selection pressure on the Soay sheep (Gulland 1992; Coltman et al. 2001a; Wilson et al. 
2004; Craig et al. 2006; Hayward et al. 2011), particularly on lambs (Hayward et al. 
2011), and burdens and species composition vary with age (Craig et al. 2006; Hayward 
et al. 2009). Additionally, the acquired immune response develops over the first year of 
life (Stear, Strain & Bishop 1999b), and heritability of immunoglobulin measures 
increases with age (Strain et al. 2002; Davies et al. 2006, A. Sparks, unpub; Appendix F). 
The increase in plasma immunoglobulin measures between lambs and adults described 
here reflects this (Figure 5.2). If there is variation amongst haplotypes in their ability to 
present peptides from different species, their relationships with health and fitness may 
differ with age. The GLMM analyses carried out here show few robust associations (i.e. 
significant after Bonferroni correction; replicated in presence-absence and dosage 
tests) between haplotypes and traits in lambs (Figure 5.11), but more and stronger 
associations were found in older age classes. Within the more conservative sex-age 
specific animal models, despite high costs of parasitism and selection for parasite 
resistance in lambs (Hayward et al. 2011), only weak relationships were identified 
between class IIa haplotypes predicted to be involved in presenting peptides from 
gastrointestinal nematodes, and a measure of parasite burden and fecundity, FEC 
(Figure 5.11).  
5.5.2 Relative lack of associations with FEC and comparison to 
earlier work 
The MHC class IIa is involved in the presentation of peptides from gastrointestinal 
nematodes to the immune system (Murphy et al. 2012), and gastrointestinal nematodes 
are implicated in balancing selection maintaining MHC class IIa diversity (Bernatchez & 
Landry 2003; Piertney & Oliver 2006; Spurgin & Richardson 2010). In the present 
study, few associations were identified between MHC class IIa haplotypes and FEC, and 
only the presence /absence association between haplotype C and reduced FEC in adult 
males was significant within the AM after Bonferroni correction (Figure 5.11b). Apart 
from the stringent significance thresholds applied and the inclusion of these tests 




measure of FEC used here is a very crude measure of parasite burden, both in terms of 
the way it is measured and what the measure actually represents in terms of species 
and burden. Because of the multiplier used in the method, the modified McMasters 
method (MAFF 1986) of estimating FEC as used here generates essentially categorical 
egg counts (i.e. 0, 100, 200, 300, etc), which combined with overdispersion makes 
modelling FEC challenging. Also, individuals with 0 eggs per gram may be true zeros 
and have no strongyle worms, or may have a very low burden. There may also be a very 
complicated relationship between FEC and the actual worm burden of an individual, for 
example in naturally infected Scottish Blackface sheep, Stear et al. (2006) found that 
high FEC was associated with a wider range of strongyle species. Therefore, increased 
FEC may be confounded with increased species diversity, and if there is variation 
amongst haplotypes in their ability to present peptides from different worm species, 
we may not expect to detect a direct association between haplotypes and FEC.  
The lack of strong associations between FEC and MHC haplotypes is in contrast to an 
earlier study of MHC in the same population of Soay sheep (born between 1988 and 
1994) which analysed genotypes of the DRB1-linked microsatellite OLADRB (Paterson 
et al. 1998). A positive association between FEC and OLADRB allele 257 bp was 
identified in lambs (predominantly haplotype B in this study; see Appendix C) and a 
negative association between FEC and OLADRB allele 263 bp in yearlings (haplotypes A 
and G here) and allele 267 bp (haplotype A here; see Appendix C) (Paterson et al. 
1998). Whilst these differences may be due to different genotyping and analysis 
methodologies, it is likely that the previous result was a type I error. The loci under 
investigation differ between these studies. The OLADRB microsatellite alleles are 
shared across multiple class IIa haplotypes analysed here (Chapter 2), and there was 
probably a high genotyping error rate in the OLADRB microsatellite calling which has 
led to a number of OLADRB genotypes being associated with multiple diplotypes (see 
Appendix C). Additionally, the inclusion of maternal ID in both the GLMMs and AMs as a 
random effect here, but not within the previous study (Paterson et al. 1998), may have 
removed some variation in FEC of lambs that can be attributed to maternal effects, 
either genetic or environmental. The addition of 19 years more data in this study, 
compared to the previous Paterson et al. (1998) study likely eliminated spurious 
associations. There is a substantial difference in sample size and sample years between 
the study by Paterson et al. (1998) (data collected between 1985-1994) and the 




were re-run using only lambs born before 1995, and therefore a similar subset of 
individuals as analysed by Paterson et al. (1998), there was a tendency for individuals 
carrying haplotype B to have increased FEC (data not shown, p=0.045), which is 
consistent with the association found previously between OLADRB 257 (predominantly 
haplotype B; Appendix C) and increased FEC. A similar comparative subset of yearlings 
sampled before 1995 failed to detect associations between haplotypes and FEC, and 
was therefore unable to replicate the previous associations of Paterson et al. (1998) 
between OLADRB 263 and reduced FEC or OLADRB 267 and increased FEC. However, 
the OLADRB 263 allele is associated with both haplotypes A and G, and OLADRB 267 is 
also associated with haplotype A. Haplotypes A and G share the same DRB1 allele 
(DRB1*0101 Chapter 2), and Paterson (1998) showed that OLADRB 263 and 267 share 
the same DRB1 sequence. In carrying out these analyses using finer-scale resolution of 
the MHC haplotypes using many more years of data and a much more conservative 
statistical approach, spurious associations between MHC haplotypes and FEC have 
likely been removed. 
The analyses carried out here did not incorporate any potential temporal variation in 
associations between haplotypes and traits. The evolutionary mechanisms of NFDS and 
FS both act at a temporal scale, resulting in allele (or haplotype) frequency changes 
caused by changes in selection pressure from pathogens. If either or both of these 
mechanisms were operating rapidly and within the timeframe of this study (27 years), 
associations between haplotypes and phenotypes would be expected to change, and by 
analysing the data in a single model, such variation would have been undetectable. It 
would therefore be interesting to look for such temporal variation in subsequent 
analyses, by, for example, looking at relationships between haplotypes and phenotypes 
(and fitness) over shorter time frames.  
5.5.3 Haplotype dosage effects are consistent with 
presence/absence associations 
Where it was possible to test for associations between traits and the dosage of a 
haplotype (all age, sex and haplotype classes containing at least 10 individuals) and an 
association was detected, the direction of the associations always reflected those 
identified within presence/absence models, and in most instances, homozygotes of the 
haplotype under investigation (dosage = 2) were similar or more extreme than 




was significantly increased in both GLMMs and AMs when an individual was 
heterozygous or homozygous for haplotype B, compared to individuals which did not 
carry haplotype B (Figure 5.6d); this mirrors the association identified in the 
presence/absence model (Figure 5.6c). Some associations that were detected in 
presence/absence models became non-significant when considering dosage, which was 
probably a consequence of loss of power due reduced sample sizes within 
heterozygous and homozygous categories compared with the combined category. 
There were four instances, however, where the associations were more pronounced in 
homozygotes of the haplotype under investigation, compared to heterozygotes or 
individuals without the haplotype. Adult anti-T. circ IgE titres were 17.4 times lower in 
haplotype G homozygotes than haplotype G heterozygotes (Figure 5.6d; LM***, AM+). 
Lamb anti-T. circ IgG was 1.45 times higher in haplotype E homozygotes compared to 
haplotype E heterozygotes (Figure 5.7b; GLMMns, AM+++).  Lamb FEC was 1.07 times 
higher in haplotype A homozygotes compared to haplotype A heterozygotes (Figure 
5.8b; GLMM***, AMns), and haplotype C homozygous adult females had a 1.14 times 
increase in FEC compared to haplotype C heterozygotes (Figure 5.10b; GLMMns, AM+). 
Only the association between haplotype E and anti-T. circ IgG in lambs withstands 
Bonferroni correction and inclusion in an animal model, but these observations 
demonstrate that there are instances where homozygotes of a particular haplotype may 
deviate from the mean of a trait more extremely than heterozygotes of that haplotype.  
5.5.4 Patterns of trait associations across haplotypes 
If haplotypes are tightly associated with parasite resistance, we might expect to find 
patterns that link associations across traits within a haplotype. Within Soay sheep, at 
the phenotypic level, August weight is negatively correlated with FEC (Coltman et al. 
2001a; Craig et al. 2008; Hayward et al. 2014b) and positively correlated with fitness 
(Milner et al. 1999; Jones et al. 2005), anti-T. circ IgA is negatively associated with FEC 
(Coltman et al. 2001b), anti-T. circ IgE is positively associated with FEC (Nussey et al. 
2014), and anti-T. circ IgG is positively associated with survival (Nussey et al. 2014; 
Watson 2016); thus, a haplotype associated with increased August weight, increased 
IgA, decreased IgE, increased IgG and decreased FEC would be expected to relate to 
increased fitness. In this study, no haplotypes were associated with more than two 
traits within animal models after Bonferroni correction (Figure 5.11); however, a 
number of observations can be made by also considering the pre-Bonferroni correction 




The patterns of associations tended to be opposite for haplotypes E and G (Figure 5.11), 
which may suggest opposite effects on an individual’s fitness. Haplotype E was 
associated with decreased weight (yearlings), increased immunoglobulin measures 
(lamb IgA; lamb and adult IgE), and decreased FEC (yearling males). Haplotype G, on 
the other hand, was associated with increased weight (yearlings), decreased 
immunoglobulin measures (lamb IgA -dosage only, adult IgE, and lamb IgG) and 
decreased FEC (yearling males). In both these cases, the association with FEC was only 
observed within the animal model above the Bonferroni threshold.  
A negative relationship between body weight and FEC has been observed within Soay 
sheep (Coltman et al. 2001a; Craig et al. 2008; Hayward et al. 2014b; null models in this 
study), and the potential trade-offs between mounting an immune response and 
growth are widely recognised (Lochmiller & Deerenberg 2000; Schmid-Hempel 2003), 
yet this study found that haplotypes C and possibly E were associated with both 
reduced weight and reduced FEC, although the associations with FEC should be 
regarded with caution due to the use of Gaussian error structure with log transformed 
FEC within the AM, rather than using a negative binomial error structure. Haplotype C 
was associated with high lamb and adult IgA titres in the GLMM but not the AM, which 
suggests that individuals with haplotype C tend to have high IgA titres although that 
variation is attributed to shared phenotypic variation amongst related individuals. 
Haplotype E was also associated with increased lamb IgA and adult IgG titres. This 
suggests that there may be a complex relationship between MHC class IIa haplotype, 
body weight, immunoglobulin measures and FEC, where a haplotype associated with a 
strong immune response can reduce growth and weight gain but does improve an 
individual’s ability to control parasites, as measured by FEC. Nussey et al. (2014) found 
that total IgG was negatively and quadratically related to body weight in Soay sheep, 
and Watson (2016) found that anti-T. circ IgE and anti-T. circ IgG were positively but 
quadratically associated with growth in the 2011 cohort of Soay lambs. This may 
indicate that very high immunoglobulin measures, whilst effective at controlling FEC, 
may have a negative trade-off with other important life-history traits, such as weight-
gain and growth. Given that the immunoglobulin measures are generally consistent in 
adults across an individual’s lifetime (repeatability of IgA = 0.76, IgE = 0.74 and IgG = 
0.53; A. Sparks, unpublished data) and that the immunoglobulin measures considered 
here seem to be cross-reactive to a wide range of nematode species and are not specific 




and early life gastrointestinal nematode experience probably sets an individual’s 
lifetime immunoglobulin titre trajectory. MHC diplotypes are likely to be involved in 
determining that trajectory as the acquired immune response is developed throughout 
early life.   
5.5.5 The impact of applying animal models 
Throughout this study, associations between haplotypes and traits were assessed using 
both standard linear mixed effects models (GLMM), from a family of statistical models 
widely use in studies of MHC associations in wild populations, and animal models (AM). 
The animal model framework includes phenotypic information from individuals of 
varying relatedness to estimate the additive genetic component of the trait by including 
the breeding value as a random effect within a mixed effect model (Wilson et al. 2010). 
By including this random effect, it is possible to account for relatedness between 
individuals and thereby account for variation in the trait that is due to additive genetic 
effects located throughout the genome. When analysed within an animal model, a 
number of associations between haplotypes and traits that were identified in standard 
GLMMs became only marginally significant (after Bonferroni correction) or were not 
detected at all (Figure 5.11). Most notably, a number of associations with IgA in adults 
were not present at all within the animal models and only marginally significant within 
lambs (Figure 5.11 compare panel (a) with panel (b)). The additive genetic variation for 
IgA was high in this study in lambs (h2 = 40.0 % ± 5.6 %) and adults (h2 = 60.5 % ± 
4.6 %) (see Appendix F), and suggests that the variation that was being attributed to 
Class IIa haplotype variation within the GLMMs was actually due to genome-wide 
additive genetic variation. Indeed, a recent quantitative GWAS of the immunoglobulin 
data set used here found a large-effect QTL for IgA on chromosome 24 (A. Sparks, 
unpublished data).  
This is the first time, to my knowledge, that associations between MHC variation and 
phenotypes have been analysed within an AM framework. By carrying out analyses 
using both standard GLMMs and AMs, it is clear that a number of apparently strong 
associations were lost after accounting for relatedness. When there are related 
individuals within a dataset, there may be an increased risk of detecting spurious 
results by not accounting for the fact.  This risk may be especially high when the 
genome region under investigation is highly polymorphic, as with the MHC, since it may 




There were four marginally significant associations between haplotypes and FEC that 
were identified only within the AM. These differences were potentially caused by the 
differences in model error structures – the GLMM used a negative binomial error 
structure and raw FEC measures, whereas the AM used a less-than-ideal Gaussian error 
structure on transformed log(FEC+50).  
In experimental studies, it is possible to use full-sibling and half-sibling families to 
control for genome similarity, and incorporate family ID within mixed effect models or 
survival analyses to control for this problem (e.g. Kjøglum et al. 2008; Eizaguirre et al. 
2012a; b). Studies conducted by sampling individuals from wild populations may 
sample relatives, but to date do not generally account for relatedness between 
individuals in their analyses. Analysis using an animal model, however, requires 
accurate estimates of relatedness, either through intensive sampling of individuals and 
genetic parentage analysis to generate a pedigree or from genome-wide SNP data 
(Berenos et al 2014).  Where there is substantial additive genetic variation for a trait, 
by not considering relatedness, there may be an increased risk of generating false 
positive associations with MHC genotypes or haplotypes.  
5.5.6 Evolutionary mechanisms 
The simplest evolutionary model to explain MHC diversity is heterozygote advantage or 
overdominance (Takahata & Nei 1990; Hedrick 2002; De Boer et al. 2004), but this 
study found little support for this hypothesis in Soay sheep. Heterozygote advantage 
can be detected as operating when the mean fitness (or value of a trait likely to 
contribute to fitness) of the heterozygote is greater than that of either homozygote. 
Here, this possibility was tested in two ways. First, I compared whether being a 
heterozygote for any pair of MHC class IIa haplotypes conferred different trait values 
relative to being a homozygote for any haplotype.  Secondly, for each haplotype three 
diplotype classes (containing 0, 1 and 2 copies of the focal haplotypes) were fitted and 
whether they were associated with different trait values (dosage analyses) was 
determined. In the latter analyses, heterozygote advantage would manifest as a higher 
trait values for the ‘1’ class than for the ‘0’ and ’2’ classes. Neither approach found any 
evidence that heterozygotes have higher values than homozygotes for any of the traits 
considered here, either in the GLMMs or in the AMs. Previous studies have detected 
heterozygote advantage in systems with a small number of MHC alleles or haplotypes 




voles – Oliver et al. 2009b; mountain bushtail possum – Banks et al. 2010; New Zealand 
sea lion – Osborne et al. 2015) or in experimental systems where the number of alleles 
or haplotypes is artificially limited (Penn, Damjanovich & Potts 2002; McClelland et al. 
2003). In these studies it is frequently noted that heterozygote advantage is only 
detected in multi-pathogen infection, presumably because different alleles offer 
resistance or susceptibility to different pathogens (McClelland et al. 2003; Stoffels & 
Spencer 2008). 
In systems in which alleles cannot easily be attributed to specific loci, typical of studies 
in birds and fish (Appendix A), the number of alleles is often used as an indirect 
measure of heterozygosity. This assumes that individuals with larger numbers of alleles 
are more likely to be heterozygous at more loci, or, more generally, that the same 
principle of heterozygote advantage applies - that individuals with more alleles are able 
to present peptides from a broader range of pathogens. In this instance, studies find 
that increased allele number is associated with improved performance in a trait of 
interest  (Brouwer et al. 2010; Dunn et al. 2013; Pavey et al. 2013) or that an 
intermediate number of alleles is optimal (Madsen & Ujvari 2006; Wegner 2008; 
McCairns et al. 2011; Hawley & Fleischer 2012), presumably because high individual 
allelic diversity could lead to self-reactivity (an autoimmune response) (Nowak et al. 
1992). There are eight class IIa haplotypes in the Soay sheep (Chapter 2), which were 
analysed here. However, due to the fact that some alleles are common to multiple 
haplotypes and haplotype G was found to have multiple DQB2 alleles (Chapter 2), the 
number of alleles an individual carries varies between 5-6 in homozygotes and 8-11 in 
heterozygotes. However, there was no effect of allele number on any of the traits 
analysed within this chapter (data shown in Appendix F).  
Considering whether a locus or haplotype is heterozygous or counting alleles may not 
be the best way of determining whether a more heterozygous individual is able to 
present a wider variety of pathogens. MHC alleles are thought to evolve through gene 
conversion (Lawlor et al. 1990; Ohta 1999) and for this reason can be very similar to 
one another in their nucleotide sequence and presumably their function. Additionally, 
alleles vary in their specificity, and there may be degeneracy in their ability to bind 
foreign peptides (Stoffels & Spencer 2008). A heterozygote which carries alleles that 
are functionally similar may not enjoy the selection advantage afforded by carrying 
functionally divergent alleles. The functionality of MHC alleles is not, however, easy to 




functional capabilities of heterozygotes, although Ballingall et al. (in press) have shown 
that not all combinations of A and B alleles generate functional molecules. One way of 
addressing this question is to classify alleles according to the properties of the amino 
acids within the peptide binding region (Doytchinova & Flower 2005; Naugler & Liwski 
2008) and perform a multivariate analysis (e.g. principal component analysis or co-
inertia) to cluster similar alleles, or perhaps generate a dissimilarity score. This 
approach has often been successful in species with very large numbers of alleles 
(Schwensow et al. 2007; Huchard et al. 2010; Sepil et al. 2013a; Sepil, Lachish & 
Sheldon 2013b; Jones, Cheviron & Carling 2014; Lillie et al. 2015), in which statistical 
power may otherwise have been unachievable for an allele- or haplotype-based 
analysis like the present one. The ability to cluster haplotypes in the Soay sheep is 
currently limited by both the lack of knowledge of which sites are involved in peptide 
binding (see Chapter 3), and lack of sequence data for the DQB loci in haplotype D.  
5.5.7 Large sample sizes have not entirely relieved the statistical 
challenges 
The highly diverse nature of the MHC, whilst being what makes it interesting, makes it 
challenging to attain sufficient sample sizes to carry out statistical analyses (Hill 1998). 
By using a rapid and high-throughput SNP-based genotyping method (Chapter 3), this 
study was able to create one of the largest sample sizes available to any MHC study, 
with the exception of human studies, and yet, a number of dosage analyses, particularly 
for the rarest haplotypes D and H, could not be carried out due to small sample sizes. 
This highlights one of the key challenges of investigating the processes underlying MHC 
variation. A key theory underpinning the maintenance of diversity in this region is 
NFDS, in which rare alleles have a fitness advantage, causing them to increase in 
frequency within the population, when the fitness advantage of that allele decreases 
and reverts to another, now rare, allele (Bodmer 1972; Takahata & Nei 1990).  The lack 
of associations between haplotypes D and H with the traits assessed here could be due 
to their rarity with the population compared to the alternative haplotypes, and thus a 
lack of statistical power. Within 5349 genotyped individuals representing the vast 
majority of individuals that were born or died within Village Bay between 1985 and 
2012, only six homozygous haplotype D individuals were identified, although 308 were 
heterozygous for the haplotype (Chapter 4). When this sample was further pruned 
within statistical analyses to include only individuals with a known birth year and 




numbers of homozygotes became vanishingly small; thus, even with large numbers of 
individuals and 27 years of phenotypic data, testing negative frequency-dependent 
selection had low power for some haplotypes in these analyses. Additionally, if 
different pathogens have different associations with the same haplotypes or if alleles 
have weak effects within contemporary populations, the problem of large numbers of 
alleles and low sample sizes may make it even more difficult to detect associations 
(Apanius et al. 1997; Piertney & Oliver 2006).  
Finally, I investigated the associations between haplotypes and traits, rather than 
between specific loci and traits. This approach was taken both for statistical tractability 
and because high LD among the Class IIa expressed loci suggests selection will indeed 
be on the combination of alleles contained in each haplotype.  However, this approach 
does mean that the positive and negative effects of different alleles at different loci on a 
trait are essentially averaged across the haplotype. An alternative and more complex 
approach to analysis would be to consider the net effect of each allele at each locus 
separately (including potential interactions between loci), but this is beyond the scope 






















Studies of MHC evolution in wild systems rarely generate the locus-specific genotype 
data across multiple loci that are necessary to investigate which evolutionary 
mechanisms operate to maintain diversity (Spurgin & Richardson 2010). The primary 
aim of this thesis was to characterise the functional MHC class IIa diversity in a wild 
mammal and generate diplotype data for a large sample of individuals. A secondary aim 
was to investigate the evolutionary mechanisms underpinning the class IIa diversity by 
asking first, is balancing selection operating, second, is heterozygote advantage 
operating, and third, are there associations between haplotypes and phenotypes 
related to health? In chapter 2, I characterised the class IIa diversity and identified 
eight haplotypes. In chapters 3 and 4, I developed a method for haplotyping large 
numbers of individuals using KASP genotyping and generated haplotype data for what 
constitutes the largest MHC typing effort for any single population of a non-model 
species. In chapter 4, I show that balancing selection is likely operating to maintain 
more even allele frequencies than predicted under neutrality, and in chapter 5, show 
that heterozygote advantage is an unlikely mechanism for maintaining diversity within 
this population, but that there are a range of associations between haplotypes and 
weight, immunoglobulin titers and FEC. Whilst in this thesis I have only touched on the 
questions of how diversity is maintained in the Soay sheep, I have developed a large, 
high-quality data set of MHC haplotypes within a well-characterised population that 
should be valuable in exploring such questions in the future.   
6.2 Class IIa haplotypes 
By fully characterising the class IIa haplotypes of Soay sheep, I have shown that the 
variation across the class IIa region is actually limited to only eight haplotypes, but also 
that no single locus had unique alleles on all eight haplotypes. Many studies genotype a 
single class II locus (see Appendix A) with the expectation that, due to LD between the 
class II loci, each allele represents a single haplotype. In chapter 2, it is clear that no 
single locus is representative of the class IIa variation in the Soay sheep, i.e. no 
haplotype could be uniquely identified by genotyping a single locus. This could affect 
downstream association studies by reducing the ability to detect associations if an 




trait of interest. Haplotypes A and G, as well as B and E have more than one allele in 
common (Chapter 2), and while no two trait associations were in opposite directions 
for these haplotypes, associations in the same trait was rarely identified for both 
haplotypes in each pair (Chapter 5). Multi-locus haplotyping of the MHC class II region 
is therefore valuable to downstream analyses.  
The diplotype data set generated here represents the largest haplotype-based data set 
for the MHC in a non-model species. The relatively low diversity at the class IIa region 
in Soay sheep greatly facilitated haplotype characterisation, likely due to it being an 
island population with a lack of immigration, as well as the founder event in 1931 
which established the studied population on the island of Hirta from only 85 fertile 
individuals translocated from Soay (Boyd 1953; Boyd et al. 1964). Only a handful of 
studies in non-model species have generated locus-specific genotypes for more than 
one locus and they are almost entirely restricted to mammals (e.g.  Kennedy et al. 2011; 
Smith et al. 2011; Miyasaka et al. 2012; Gillet et al. 2013; Liu et al. 2013; Arbanasić et al. 
2014; Ali et al. 2016; Ruan et al. 2016; Vasoya et al. 2016). Only Osborne et al. (2015) 
and Niskanen et al. (2014) carried out MHC association studies using haplotype 
information.  
6.3 A SNP haplotyping method 
Genotyping the MHC is notoriously challenging (Bernatchez & Landry 2003; Piertney & 
Oliver 2006; Babik 2010; Spurgin & Richardson 2010), and locus-specific genotyping 
methods rarely scale well for high-throughput genotyping. Indirect methods, such as 
denaturing gradient gel electrophoresis (DGGE), single-strand conformation 
polymorphism (SSCP) and reference strand-mediated conformation analysis (RSCA) 
generate allele-specific conformations following PCR which enables allele separation 
(Lenz et al. 2009a; Babik 2010). Such methods require relatively high initial 
optimisation, do not generate allele sequence information without subsequent 
sequencing, and are not particularly high-throughput (Babik 2010). Sequence-based 
genotyping (SBG), as used in chapter 2, is excellent for generating high-quality 
sequence data from locus-specific amplifications, but can require costly cloning of 
multi-allelic sequences which might be obtained from either heterozygous loci or multi-
locus amplifications and therefore does  scale up to high-throughput analyses (Babik 




throughput analyses with little optimisation and are particularly valuable for phasing 
multi-locus amplifications as each allele is sequenced in-phase (Babik 2010). However, 
PCR amplification of multiple very similar alleles can lead to the generation of low 
frequency artefact alleles which are detected by NGS, such as chimeras and base-
mismatch errors (Lighten et al. 2014), which are not easily separated from true rare 
alleles (Babik 2010; Sepil et al. 2012; Lighten et al. 2014; Vasoya et al. 2016). Finally, an 
Illumina Immunochip containing approximately 200K polymorphisms (SNPs and 
insertion/deletions) has been developed for typing the human HLA and other immune 
genes (Cortes & Brown 2011), but extensive population data and a well assembled 
genome is required to develop such a panel, making it unrealistic for non-model 
species. There are advantages and pitfalls to all genotyping methods currently applied 
to MHC typing in non-model organisms (Babik 2010), and the choice of method will 
often be determined by the MHC variability and single-locus amplification availability 
for the species in question, as well as the number of samples and loci that require 
genotyping.  
In characterising the class IIa region in Soay sheep, I made use of existing SBG methods 
for domestic sheep (Ballingall & Tassi 2010; Ballingall et al. 2015, 2017). SBG methods 
developed for domestic sheep were successful in characterising most of the variation in 
the MHC class IIa genes in Soay sheep (chapter 2). The existing IPD-MHC database of 
allelic diversity at the DRB1 locus was valuable in that it enabled me to identify all DRB1 
alleles within the study population by amplifying only exon 2 from gDNA. A similar 
database of alleles at the DQA and DQB loci is not yet available in the IPD-MHC, and a 
number of exon 2 sequences did not match previously published full-length transcripts 
(Ballingall et al. 2015, 2017). Thus, costly and time-consuming cloning from cDNA was 
necessary to fully characterise allelic variation at these loci. This was not possible for 
the DQB loci in the rare haplotype, D, due to the multi-locus amplification of DQB loci, 
lack of homozygous sheep and problems amplifying full length transcripts. 
Nevertheless, novel alleles were identified at both DQB1 and DQB2 loci in haplotype D 
from heterozygous sequences amplified from gDNA, although the alleles could not be 
separated using these sequences. All haplotypes in the Soay sheep were defined, even 
though not all alleles were characterised in full.  
SBG of class IIa loci was time-consuming and costly, and could not be scaled to the 
numbers of sheep desired for subsequent analyses, so I made use of existing SNP data 




haplotyping method. Soay sheep had previously been genotyped on two SNP chips, 
5805 individuals on the Ovine SNP50 BeadChip  (Bérénos et al. 2014) and 188 key 
individuals on the Ovine Infinium HD SNP BeadChip (Johnston et al. 2016). SNPs 
selected for inclusion on SNP chips are typically evenly spaced throughout the genome, 
have high minor allele frequencies (MAF), and can be successfully genotyped in 
different populations (Kijas et al. 2012). The MHC region, on the other hand, is typified 
by tightly clustered and highly variable genes, with low MAF, and variations in the 
number and type of genes between haplotypes can cause SNP failures on haplotypes 
lacking the locus. Additionally, designing primers for such highly variable regions is 
very challenging. Therefore, the almost complete lack of SNPs in the class IIa region on 
the less dense Ovine SNP50 BeadChip and low density on the Ovine Infinium HD SNP 
BeadChip was unsurprising. I did find, however, that SNPs on the Ovine Infinium HD 
SNP BeadChip were capable of imputing the class IIa haplotypes, and so a panel of SNPs 
was selected for use in high-throughput genotyping in the Soay sheep. A panel of SNPs 
has the advantage of being relatively easy to genotype, suitable for high-throughput 
genotyping and does not suffer from artefacts, but it is susceptible to incorrect 
haplotype phasing due to genotyping errors, particularly allelic dropout which may be 
most prevalent in poor quality or quantity DNA (Gill 2001; Butler 2005). Stringent 
quality control measures, as applied in Chapter 4, should minimise any effects of 
genotyping and phasing errors, and the Soay sheep pedigree was particularly valuable 
here in enabling the inclusion of a Mendelian inheritance check as a quality control 
measure. As a method for genotyping MHC in a non-model organism, however, this 
panel of SNPs required high initial optimisation effort in terms of preliminary class IIa 
sequencing, and is not easily transferable to other breeds of sheep or other species 
without extensive preliminary sequencing of haplotypes. Development of such a 
method using existing SNPs for the MHC class I region may also not be feasible as the 
class I genes are even less well characterised and mapped in the sheep genome than 
class II genes.  
6.4 Evidence for balancing selection 
The Ewens-Watterson tests carried out in Chapter 4 provide good evidence that 
balancing selection is acting on the class IIa region in the Soay sheep as, irrespective of 




even allele frequencies than would be expected under neutrality, indicative of 
balancing selection. This test assumes that a population is at equilibrium and at a 
constant size (Garrigan & Hedrick 2003), but it is unlikely that these results were 
caused by demographic effects as the test was consistently significant across years 
within the standing population, and there is no evidence of such demographic effects 
generating even allele frequencies at neutral microsatellite loci (Paterson 1998; 
Charbonnel & Pemberton 2005).  
That association between haplotypes and phenotypes were identified in Chapter 5 
suggests that variation in haplotype function is reflected in phenotypic variation in 
traits related to individual health, which lends weight to the possibility that pathogen-
mediated selection (PMS) operates within the Soay sheep. Both positive and negative 
associations were identified between specific haplotypes and August weight, which is 
positively related to fitness (Milner et al. 1999; Jones et al. 2005), suggests that there 
may be fitness consequences to carrying particular haplotypes. The associations 
between immune measures and haplotypes also lend weight to PMS as the 
immunoglobulins assayed were anti-Teladorsagia circumcincta, which links the 
haplotypes to a nematode-related immune response. Finally, the association between 
haplotype C and FEC in adult males provides a direct link between the class IIa 
haplotypes and a pathogen measure. This supports the conclusions drawn in earlier 
work by Paterson et al. (1998) and Paterson (1998), although the specific allele 
associations with FEC were not fully replicated using haplotypes. A previously 
unidentified observation noted in Chapter 5 is the greater number of associations 
between haplotypes and traits in adults compared to lambs. Paterson et al. (1998) was 
only able to analyse DRB1 associations in lambs and yearlings, and the vast majority of 
MHC studies in wild populations use juveniles individuals, perhaps because they 
typically represent the largest proportion of individuals in a single age class, or studies 
do not consider age at all (Appendix A). The analyses I have carried out in Chapter 5 
clearly show that associations vary with age, and it may therefore be necessary to 
consider age-related effects in MHC studies.  
The analysis of associations between haplotypes and traits within an animal model 
framework in Chapter 5 is novel for studies of the MHC in wild systems and makes the 
identified associations highly conservative. The animal model framework enabled me 
to account for relatedness between individuals by estimating the additive genetic 




effects across the genome to be separated from variation that was associated with the 
class IIa haplotypes. The inclusion of this additive genetic effect removed a number of 
effects observed in the standard GLMMs, particularly a number of associations with 
immunoglobulin measures (see Chapter 5). This highlights the increased risk of 
detecting spurious results by not accounting for relatedness amongst sampled 
individuals in studies that focus on a single population.  
Although it has not been possible to fully disentangle the evolutionary mechanisms 
acting within PMS within the scope of this thesis, I have been able to show that 
heterozygote advantage (using the typical overdominant meaning that heterozygous 
diplotypes are fitter than homozygotes diplotypes) is unlikely to play a major role in 
maintaining diversity within the class IIa region. There was no evidence of 
heterozygote excess at any of the LH stages or within the standing population of any 
given year. No associations between phenotypes and heterozygosity were identified as 
either a homozygous/heterozygous binary measure over all haplotypes nor as 
heterozygosity involving specific haplotypes. Lack of evidence for heterozygote 
advantage and associations between haplotypes and phenotypes leads to the 
expectation that negative frequency-dependent selection (NFDS) and/or fluctuating 
selection (FS) are operating in the Soay sheep (Piertney & Oliver 2006; Spurgin & 
Richardson 2010).  
6.5 Future work 
6.5.1 Fitness and other parasite measures 
Although links between class IIa haplotypes and phenotypes were clearly identified in 
Chapter 5, there was a fairly bewildering array of associations, and so to truly 
understand whether these haplotypes are under selection, it will be necessary to 
investigate how they relate to fitness. The links between MHC and parasite burden (as 
measured by FEC), life-history traits (e.g. growth approximated via weight) and 
immune function (measured here by immunoglobulin measures) assessed in Chapter 5 
do not directly address fitness, and may not reflect selection on or via MHC class IIa 
haplotypes. Lambs are under strongest selection for resistance to GIN (Hayward et al. 
2011) and lamb and yearling survival is typically lower than in adults (Clutton-Brock et 
al. 1992), so first-year and second-year over-winter survival may reveal interesting 




annual-breeding success in adults as measures of annual fitness and with lifetime 
reproductive success as a measure of lifetime fitness would help to understand how 
haplotypes relate to fitness, and ultimately selection.  
Within chapter 5, I only analysed associations between class IIa haplotypes and FEC, 
which only includes strongyle-type eggs.  Due to time constraints, I was unable to 
consider other parasite measures which have been collected for the Soay sheep such as 
coccidia faecal oocyst count (FOC). FOC has been shown to be heritable in lambs (h2 = 
0.22 ± 0.21), though heritability was low in adults (h2 = 0.06 ± 0.03) (Beraldi et al. 
2007); class IIa haplotypes could therefore form part of the genetic basis for resistance 
to FOC. Additionally, the tapeworm  Moneizia expansa has been assessed as present or 
absent in faeces throughout the study period but occurs at low prevalence (Craig et al. 
2008), and ectoparasitic keds (Melophagus ovinus) have been routinely counted on 
captured sheep, though heritability of ked counts is minimal (Beraldi et al. 2007) and 
they are prevalent primarily in lambs (Craig et al. 2008). GIN, as measured by FEC, are 
thought to be the most important (measured) component of the pathogen community 
in terms of fitness in the Soay sheep, and therefore likely to have the strongest 
associations with class IIa haplotypes. However, selection on haplotypes may differ 
between pathogens and so it would be valuable to test alternative pathogens such as 
FOC, keds and Moneizia, and perhaps to do so in a multivariate analysis including FEC, 
such as co-inertia where a genetic correspondence analysis is combined with a 
parasitological principal components analysis (e.g. Tollenaere et al. 2008; Cutrera et al. 
2011; Froeschke & Sommer 2012; Seifertová et al. 2016).  
6.5.2 Negative frequency-dependent selection and fluctuating 
selection 
Whilst Chapter 5 has demonstrated that heterozygote advantage is unlikely to be a 
major driver of balancing selection at the MHC class IIa within the Soay sheep, it was 
difficult to assess either negative frequency-dependent selection or fluctuating 
selection. How, exactly, these hypotheses could be addressed is unclear, and there are 
no single-population examples in the literature which address them well, although 
some studies have detected associations between a rare-allele and reduced parasite 
burden or fitness (Schad, Ganzhorn & Sommer 2005; Bolnick & Stutz 2017), or a change 
in frequency of a particular allele from rare to common (Codner et al. 2012). 




selection mechanisms could be operating at the same time. Allele frequency change 
may not happen rapidly, but it would be valuable to assess whether there is any 
temporal variation in class IIa haplotype frequencies since 1985 in the Soay sheep, 
whilst controlling for genetic drift by comparing against neutral markers. Using the 
same OLADRB microsatellite as Paterson et al. (1998), Charbonnel and Pemberton 
(2005) found some evidence for temporal variation in DRB1 genotypes but only within 
the eastern-most subunit (heft) of the population. More in depth understanding of how 
or whether gastrointestinal nematodes vary within the population, at both the species 
(e.g. individual variation in peptides that can be presented by MHC class IIa molecules) 
or community level (e.g. variation in the species compositions), and both spatially and 
temporally, may help to shed some light on whether there could be fluctuating selection 
imposed on the Soay sheep MHC.  
6.5.3 Haplotype functional variation  
Throughout this thesis, I have made the assumption that the class IIa haplotypes are 
equally different. However, this may not be true for three reasons. Firstly, there is some 
degree of allele sharing among some haplotypes (see Chapter 2), which means that 
some haplotypes are more similar to one another than to other haplotypes. Secondly, 
variation at the peptide binding region (PBR) is probably most important in 
determining the array of peptides that can be presented, yet how different the PBRs 
were of different alleles was not assessed. Thirdly, selection can only be imposed by the 
pathogens experienced by individuals, therefore while a diplotype may be capable of 
presenting a wide array of peptides, the selective advantage is only present in the 
presence of those pathogens. 
The data presented in Chapter 5 demonstrates that it is unlikely that heterozygote 
advantage is operating in the Soay sheep under the assumption that haplotypes were 
equally different. However, I have been unable to exclude it entirely as I was unable to 
assess the functional variation among the haplotypes and test the divergent allele 
hypothesis (Wakeland et al. 1990). Heterozygote advantage proposes that 
heterozygotes are able to present a wider array of peptides than homozygotes, and 
therefore have greater fitness because they can mount immune responses to a wider 
range of pathogens. It may not be true, however, that all haplotypes present equally 
different sets of peptides, and many peptides may be presented by multiple haplotypes 




haplotypes actually have a fitness advantage compared to individuals carrying two 
haplotypes which present a similar array of haplotypes.  Recent theoretical work by 
(Stefan 2016) has shown that divergent allele advantage is capable of maintaining the 
levels of variation observed at the MHC, and it would be interesting to test this 
hypothesis in the Soay sheep.  
Determining the functional divergence of MHC alleles and haplotypes is not a simple 
matter. Studies of human HLA molecules have shown that alleles with similar amino 
acids in the peptide binding region (PBR) are able to bind similar peptide motifs (note 
that not all amino acids in the peptide are involved in binding to the MHC molecule) 
(del Guercio et al. 1995; Sidney et al. 1996; Sette & Sidney 1998, 1999; Castelli et al. 
2002). This overlap in the ability of different alleles to present highly similar peptides 
has led to the classification of functionally similar HLA alleles into supertypes (Ou, 
Mitchell & Tingle 1998; Baas, Gao & Chelvanayagam 1999; Trachtenberg et al. 2003; 
Lund et al. 2004; Doytchinova & Flower 2005). Peptide binding assays are technically 
demanding and impractical on a large scale, so supertypes have been defined on the 
basis of the physio-chemical properties of the amino acids, by creating a matrix of the z-
descriptors (z1 (hydrophobicity), z2 (steric bulk), z3 (polarity), z4, and z5 (electronic 
effects) (Sandberg et al. 1998)) and clustering using multivariate analysis (Doytchinova 
& Flower 2005). This method has been successful in wild systems, particularly those 
with highly variable class I genes and when multiple loci co-amplify (e.g. primates – 
Schwensow et al. 2007; Huchard et al. 2008, 2010; birds – Sepil et al. 2012, 2013a; 
Radwan et al. 2012; Jones et al. 2014;  amphibians – Teacher et al. 2009; Lillie et al. 
2015; Tracy et al. 2015).  
Being able to functionally classify the class IIa haplotypes of the Soay sheep would 
enable analyses comparing the level of divergence of the two haplotypes. In order to do 
so, two things must be achieved. Firstly, the nucleotide sequences of exon 2 of DQB1 
and DQB2 on haplotype D need to obtained, and secondly, the amino acids involved in 
the peptide binding regions need to be determined. Sequencing of the haplotype D DQB 
alleles may be simplified with the identification of six haplotype D homozygotes from 
KASP genotyping, and would enable a simplistic calculation of amino acid divergence 
between haplotypes. The peptide binding regions of alleles are typically assumed to be 
the same as those identified from human HLA class II alleles (Reche & Reinherz 2003), 
which may or may not be accurate. Thus, it would be prudent to identify the positively 




6.5.4 Temporal variation in MHC diversity 
Under both NFDS and FS, temporal variation in MHC diversity is predicted (Spurgin & 
Richardson 2010), either due to shifts from rare to common under NFDS or due to 
temporal and spatial variation in selection pressures under FS. Intensive sampling of 
MHC genotypes or diplotypes over multiple years within a wild population is rare and 
thus the data generated here for the Soay sheep represent a fairly unique opportunity 
to test for NFDS and FS. Nevertheless, it is uncertain whether the time span of the data 
(27 years of MHC haplotypes) is sufficient for such evolutionary processes to act, 
particularly in a species with a generation length of between four and five years 
(Coulson, Tuljapurkar & Childs 2010). Charbonnel and Pemberton (2005) showed that 
there may be temporal variation in diversity at the DRB1 microsatellite in one of three 
spatially defined areas of the study population, hefts, between 1985 and 2000 by 
assessing the measure of population subdivision FST in comparison with neutral 
microsatellites. However, this method is somewhat unsatisfactory as the three hefts 
defined by Coulson et al. (1999) are not geographically defined, movement between the 
hefts is frequent and the stability of the hefts over time is unknown. The few studies 
that have assessed temporal variation at the MHC in other species have typically 
avoided the problem of autocorrelation presented by alleles in generation t+1 being 
non-independent from the alleles present in generation t by comparing diversity in 
populations at two distant time points (DeFaveri & Merilä 2015; Tison et al. 2015; 
Ciborowski et al. 2017) or within species with short generation times (Osborne et al. 
2017). How exactly to address the question of whether class IIa haplotypes frequencies 
vary temporally in an intensively sampled pedigree is uncertain but possibilities 
include coalescent simulations of allele frequencies (Pečnerová et al. 2016) and gene-
dropping simulations in which observed allele frequencies are compared to simulated 
allele frequencies under neutrality across the actual pedigree (as in  Gratten et al. 2012; 
Grueber et al. 2012; Johnston et al. 2013).  
6.5.5 Accurate mapping of class II a genes 
The exact positions of class IIa loci are poorly understood, and the locations of DQA2-
like and DQB2-like genes remain unknown. Development of SNP panels and 
resequencing efforts for the MHC region would benefit from improved mapping of this 
region, as would questions about how particular loci, haplotypes and variation in gene 




the contribution of gene duplication in this region. Highly similar alleles at different loci 
and potential gene variation between haplotypes make contig assembly during whole 
genome and resequencing efforts difficult when using NGS technologies, which 
typically result in short read lengths between 100 and 300 bp. The sheep genome was 
assembled using Illumina technologies with 100 – 200bp read lengths (Jiang et al. 
2014), and though this assembly was facilitated by a variety of methods including SNP 
linkage maps, the MHC region on this assembly consists of a single haplotype structure 
that is actually a composite of multiple individuals. Highly polymorphic gene regions 
are notably difficult to assemble and therefore poorly represented by whole genome 
sequencing efforts (Ekblom & Wolf 2014). This is exacerbated when sequencing 
individuals which are heterozygous across this region, as it becomes increasingly 
difficult to assemble contigs across a region which differs in gene structure between the 
two chromosomes. Thus far, sequence maps focused purely on the MHC regions have 
been attempted using bacterial artificial chromosome clones and Sanger shotgun 
sequencing from a single Chinese merino sheep for class II (Gao et al. 2010) and a 
single Texel sheep for class I (Siva Subramaniam et al. 2015). PacBio sequencing, a 
relatively recent development in NGS technology, is capable of achieving read lengths 
of 10kb – 60kb (Rhoads & Au 2015). MHC targeted resequencing efforts using PacBio 
may therefore prove valuable in determining the genomic structure of the MHC region 
on different haplotypes.  
6.5.6 Class I MHC variation 
Throughout this thesis I focused only on class IIa variation because of existing SBG 
methods and the clear link between class IIa and presentation of peptides from 
macroparasites, such as GIN, which are relatively well understood in the Soay sheep 
(see Chapter 1). Class I genes in sheep are less well characterised than class IIa (but see 
Miltiadou et al. 2005; Ballingall et al. 2008), and are primarily linked to intracellular 
pathogens, which are less prevalent in Soay sheep (Graham et al. 2016) and therefore 
their effects on fitness are likely to be less pronounced than macroparasites. Class I 
gene content is typically more variable in number than in class II, and existing primers 
co-amplify all loci from cDNA (K. T. Ballingall, pers. comm.), making locus-specific 
genotypes unattainable. In a preliminary analysis not described here, I used NGS 
(MiSeq) to sequence the exons 2 and 3 of class I loci from 25 class IIa homozygous Soay 
sheep and found that the class I variation was much greater than at class IIa and did not 




on request). More extensive class I sequencing could yield interesting insights into the 
variation in this region, given the relatively limited intracellular pathogens in Soay 
sheep compared to mainland domestic sheep (Graham et al. 2016) but it will be a large 
task.  
6.6 Concluding remarks 
This thesis has characterised the MHC class IIa haplotypes, developed a rapid 
haplotyping method, and generated a large diplotype data set for the Soay sheep of St. 
Kilda. This thesis highlights the challenges in generating high-quality, locus-specific 
genotype data for a non-model organism. It also highlights the value in characterising 
the haplotypes, as no single locus in the class IIa region was able to represent the full 
haplotypic variation observed in the Soay sheep. The evidence of balancing selection 
and associations between class IIa haplotypes and phenotypes related to health offer a 
promising glimpse into the evolutionary mechanisms which may be operating to 
maintain diversity within this region. This large MHC class IIa data set will hopefully be 
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Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Mammal Bank vole Myodes 
glareolus 
Wild DQA SSCP 
Sanger seq 
Phenotypes Virus No effect of heterozygosity; Specific 
alleles 
(Deter et al. 2008) 
 Bank vole Myodes 
glareolus 
Wild DRB 454 NGS Spatial; 
Phenotypes 
Parasites Specific alleles associated with parasite 
burden 
(Kloch et al. 2010) 
 Bank vole Myodes 
glareolus 
Wild DRB 454 NGS Phenotypes Survival, 
Parasites 
Specific alleles associated with 
increased/reduced susceptibility & 
survival 





Wild  Microsatellite Spatial  Neutral processes more important than 
selection 





Wild DRB SSCP 
Sanger seq 
Spatial  MHC variation similar to neutral 
variation; did find dN greater than dS 
(Gutierrez-






Wild DRB SSCP Phenotypes Parasites No associated with heterozygosity; 
specific allele associated with parasite 
load, allele varied between regions 






Wild DQA SSCP 
Sanger seq 
Temporal  No evidence of temporal change in 
frequencies over 8 years 











Bos Experimental DRB Microsatellite Phenotypes Ticks Specific alleles associated with tick 
infestation 
(Acosta-Rodríguez 
et al. 2005) 
 Domestic 
cattle 









Allele frequency changes over time - 
rare allele increase & reduction in 
common allele; specific allele 
associated with phenotypes 









Phenotypes FEC Specific allele associated with FEC (Buitkamp et al. 
1996) 
Appendix A. Studies which associated MHC diversity with either 








Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Mammal Domestic 
sheep 
Ovis aries Domestic DQA2 SSCP Phenotypes Bacteria Specific allele associated with 
increased susceptibility 








Ovis aries Domestic Class II RFLP 
haplotypes 
Phenotypes Parasites Specific haplotype associated with 
resistance to cystic echinococcosis 
(Shen et al. 2014) 
 Domestic 
sheep 
Ovis aries Domestic DRB1 Sanger seq Phenotypes Parasites, 
Antibody 
response 
Specific allele associated with FEC (Stear et al. 2005) 
 Domestic 
sheep 




Ovis aries Domestic DRB Microsatellite, 
SSCP 




Ovis aries Domestic DRB1 Sanger seq Phenotypes Virus; 
retroviral 
tumours 




Ovis aries Domestic DRB1 Sanger seq Phenotypes FEC Specific allele associated with 
resistance and susceptibility in Suffolk 
breed but none in Texel 




Ovis aries Domestic DRB1 Sanger seq Phenotypes Virus Specific alleles associated with 
resistance 
(Herrmann-




Ovis aries Domestic DQA1 Unknown Phenotypes FEC Specific associated with between 
DQA1*null and strongyles, but not 
across breeds 




Ovis aries Domestic DQA1 RFLP Phenotypes Fungus Specific associated with resistance to 
footrot fungus 




Ovis aries Domestic DQA1 Expression 
Microarray 
Phenotypes FEC Specific associated with between 
DQA1*null and strongyles 








Ovis aries Domestic DQA2 Unknown Phenotypes Fungus Specific associated with prevalence of 
footrot fungus 




Ovis aries Domestic Unknown Microsatellite Phenotypes Bacteria Specific alleles associated with 
susceptibility to Johne’s disease 








Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Mammal European 
badger 
Meles meles Wild Class I, 
DRB 
RSCA  Phenotypes Parasites Specific allele/haplotype associated 
with prevalence; heterozygosity not 
associated with coinfection status, but 
heterozygote advantage against 
specific infections 





Wild DRB SSCP Phenotypes Parasites Heterozygosity not associated with 
parasite burden; specific alleles 
associated with lower burden but only 
in heterozygous form 







Wild DRB Sanger seq Phenotypes Pathogens Number of supertypes not associated 
with parasite burden; specific supertype 
associated with infection, higher 
nematode diversity and burden 







Wild DRB Sanger seq Phenotypes FEC Specific allele associated with 
susceptibility to Ascaris 







Domestic DR, DQ SSCP 
Sanger seq 
Phenotypes Disease Specific alleles associated with disease 
resistance 





Wild DRB Sanger seq Phenotypes Parasites No associated with heterozygosity; 
specific allele associated with 
increased susceptibility (but only in one 
location) 






Wild DRB SSCP 
Sanger seq 
Phenotypes FEC Specific allele associated with 
susceptibility to Ascaris 






Wild DQB SSCP; 
Sanger seq 
Spatial  MHC differentiation greater than 
microsatellites 







Wild DRB Sanger seq Phenotypes FEC Specific allele associated with 
increased resistance to a single 
nematode species 
(Harf & Sommer 
2005) 
 Humans Homo sapiens Wild Haplotype  Phenotypes AIDS Both heterozygosity and specific alleles 
associated with extended survival and 
increased tolerance 
(Carrington et al. 
1999) 
 Humans Homo sapiens Wild Haplotype  Phenotypes Parasites Specific allele associated with 
response to cestode infection 








Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Mammal Humans Homo sapiens Wild Haplotype  Phenotypes Malaria Specific haplotypes associated with 
increased resistance 
(Hill 1991) 
          
 Humans Homo sapiens Wild Haplotype  Phenotypes Virus Heterozygote advantage - 
heterozygotes less likely to be 
persistently infected 











Number of alleles associated with 
resistance to helminths and increased 
body condition 







Wild DQA SSCP; 
Sanger seq 






Wild DRB SSCP 
Sanger seq 
Phenotypes Parasites Specific alleles associated with 
variation in parasite load; no effect of 
heterozygosity 
(Schad et al. 2005) 
 
 Mice Mus Experimental Haplotype MHC 
congenic 
mice 
Phenotypes Fitness No advantage of heterozygosity in the 
lab, but heterozygosity decreased pup 
number in females in enclosures  
(Ilmonen et al. 
2007) 






Overdominance (McClelland et al. 
2003) 
 Mice Mus  Experimental Haplotype MHC 
congenic 
mice 
Phenotypes Bacteria MHC heterozygotes had prolonged 
survival and were better able to resolve 
Salmonella infection, but dominance 
not overdominance; MHC type affected 
pathogen load for secondary infection 
(Penn et al. 2002) 
 Mice Mus Experimental Haplotype MHC 
congenic 
mice 
Phenotypes Malaria No heterozygote advantage  (Wedekind, Walker 
& Little 2005) 
 Mice Mus Experimental Haplotype MHC 
congenic 
mice 
Phenotypes Malaria Specific haplotype associated with 
course of malaria 
(Wedekind, Walker 
& Little 2006) 
 Mice & 
Humans 
Mus & Homo 
sapiens 














Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 





Wild DRB 454 NGS Phenotypes Parasites No association with parasite diversity or 
prevalence; specific allele associated 
with reduced cestode burden 













Wild DRB, DQA Sanger seq Phenotypes Survival Heterozygote advantage and specific 
alleles associated with survival 







Wild DRB Sanger seq Spatial  MHC diversity greater than neutral 
diversity 






Wild DRA Sanger seq Phenotypes Endoparasites, 
Ectoparasites 
Rare alleles associated with increased 
GI parasites, common alleles increased 
tick burden; heterozygote advantage 
amongst common alleles 
(Kamath et al. 
2014) 
 Racoon Procyon lotor Wild DRB Sanger seq Spatial  MHC differentiation greater than 
microsatellites 
(Kyle et al. 2014) 
 Racoon Procyon lotor Semi-
experimental 
DRB 454 NGS Phenotypes IgG, IgM Specific allele/supertype associated 
with IgG for canine distemper virus, 
and another allele for IgG for 
parvovirus 







Wild DRB SSCP, 
microsatellite 
Spatial  Lower differentiation at MHC than 
microsatellites - Circumstances of 
bottleneck required to have maintained 
the MHC diversity are unrealistic.  











Ovis aries Wild DRB Microsatellite Spatial; 
Temporal 
 Spatial MHC variation less than 
microsatellites in some years; Some 















Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 







Wild Unknown Microsatellite Spatial  Neutral processes stronger than 
selection 










Heterozygosity not associated with 
parasite prevalence or infection; 
specific allele associated with parasite; 
deviations from HWE 






Wild DRB SSCP Phenotypes Parasites Heterozygote advantage via divergent 
allele advantage for infection intensity; 
















Wild DRB SSCP 
Sanger seq 
Phenotypes FEC Heterozygosity not associated with 
infection status or FEC; Specific allele 







Wild DRB Sanger seq Phenotypes Parasites, 
Antibody 
response 
Excess of heterozygotes; specific 
alleles; no association between 
heterozygosity with phenotypes 








Sanger seq Spatial  Density-related changes - local 
selection in fragmented pops, then 
homogenization 





Wild DRB SSCP Temporal  MHC allele frequencies maintained 
across a bottleneck, probably due to 
MHC-dependent survival 






Wild DRB Sanger seq Spatial  Spatio-temporal variation - genetic drift, 
not selection, over time; drift/directional 
selection over space 






Wild DRB SSCP Phenotypes Multiple 
parasites 
Specific genotypes associated with 
parasite burden; heterozygosity 
associated with coinfection by fewer 
parasites 












Parasites differentiation MHC less than 
microsatellites; specific alleles and 
nematode presence 








Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 






Wild DRB Sanger seq Phenotypes Parasites Possible overdominance; associations 
with nematodes and ticks 
(Ditchkoff et al. 
2005)  
 Wolves Canis lupus Wild DRB1, 
DQA1, 
DQB1 
Sanger seq Spatial; 
Phenotypes 
Parasites MHC differentiation less than 
microsatellites; heterozygosity 
associated with reduced infection; 
specific alleles associated with infection 








Wild DRB SSCP 
Sanger seq 






Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Fish Arctic charr Salvelinus 
alpinus 
Wild Class II B DGGE Phenotypes Parasites Heterozygosity associated with reduced 
parasite burden, increased body 
condition and increased survival 












Salmo salar Wild Class II B DGGE Spatial   MHC diversity greater than 
microsatellites 




Salmo salar Wild Class II B DGGE Spatial; 
Phenotypes 
Bacteria Specific alleles associated with 
pathogen resistance 





Salmo salar Experimental Class I, 
Class II 
Microsatellites Phenotypes Disease Specific allele associated with 
resistance/susceptibility  




Salmo salar Experimental Class I, 
Class II 
Microsatellites Phenotypes Disease Specific allele associated with 
resistance/susceptibility  
















Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Fish Atlantic 
salmon 
Salmo salar Wild Class II B RFLP Spatial  More pronounced geographical 





Salmo salar Experimental Class II B DGGE Phenotypes Bacteria Specific alleles associated with 
resistance 




Salmo salar Experimental Class II B DGGE Phenotypes Parasites Specific alleles associated with 
resistance/susceptibility; no effect of 
heterozygosity on survival 





Wild Class II B Sanger seq Phenotypes Parasites, 
Fat deposits 
Intermediate allele number associated 
with highest perivisceral fat deposits but 
not parasites 
(Hablützel et al. 
2014) 
 
 Brook charr Salvelinus 
fontinalis 
Experimental Class II B SSCP; 
Sanger seq 
Phenotypes Disease Heterozygosity reduced resistance, 
specific allele associated with increased 
resistance 
(Croisetière et al. 
2008) 
 
 Brown trout Salmo trutta Wild Class II B SSCP; 
Sanger seq 
Spatial  MHC differentiation equal to neutral 
variation 
(Campos, Posada 
& Morán 2006) 
 
 Brown trout Salmo trutta Wild  Microsatellites Spatial; 
Temporal 
 Fluctuation in temporal selection (Hansen et al. 
2007) 
 
 Brown trout Salmo trutta Wild Class II B Microsatellite Spatial; 
Temporal 








Wild Class II B SSCP Spatial  Weak geographical structure in MHC 
diversity 







Experimental Class II B DGGE Phenotypes Virus, 
Bacteria, 
Parasites 











Survival Class I nucleotide diversity associated 
with survival; Class II diversity 
disadvantageous in one pop; local 
adaptation 






Wild Class I, 
Class II 
SSCP Spatial  Class I differentiation greater than 
microsatellites; CII differentiation less 
than microsatellites 









Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 





Wild DAB SSCP Phenotypes Parasites DAB1 specific alleles with 
ectoparasites, DQB3, with 
endoparasites 







Wild DAB 454 NGS Spatial; 
Phenotypes 
Parasites MHC differentiation greater than 
microsatellite; specific allele associated 
with bacterial diversity 






Wild Class II B Sanger seq 
SSCP 
Spatial  Neutral processes stronger than 
selection 







Wild Class II B 454 NGS Phenotypes Parasites Increased allele number associated 
with increased infection; specific alleles 
associated with clusters of pathogens 







Wild Class I 454 NGS Phenotypes Parasites MHC diversity associated with parasite 
load; non-random loss of MHC alleles 
despite self-fertilisation 







Wild Class II B Sanger seq Spatial  Increased parasite load within 
community correlated with increased 
MHC diversity, but MHC alleles very 
similar between communities 







Wild Class II B DGGE Spatial; 
Temporal 
 More pronounced geographical 
structure at MHC than neutral markers; 
temporal variation 






Wild Class II B DGGE Spatial  MHC differentiation greater than neutral (Miller et al. 2001) 
 
 Sticklebacks Gasterosteus 
aculeatus 
Wild Class II B RSCA Spatial  Differentiation in MHC between habitats (Eizaguirre et al. 
2011) 
 Sticklebacks Gasterosteus 
aculeatus 
Experimental Class II B RSCA Spatial; 
Phenotypes 
Parasites Differentiation in MHC associated with 
parasite reduction 
(Eizaguirre et al. 
2012a) 
 
 Sticklebacks Gasterosteus 
aculeatus 
Experimental Class II B RSCA Phenotypes Parasites Only resistant genotypes increased in 
next generation 
(Eizaguirre et al. 
2012b) 
 
 Sticklebacks Gasterosteus 
aculeatus 
Experimental Class II B SSCP Phenotypes Lifetime 
reproductive 
success 
Intermediate number of alleles 
associated with highest LRS 









Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Fish Sticklebacks Gasterosteus 
aculeatus 
Experimental Class II B SSCP Phenotypes Parasites Increased MHC diversity reduced 
tapeworm infection burden and mass, 
and reduction in probability of 
microsporidian infection 
(Kurtz et al. 2004) 
 
 Sticklebacks Gasterosteus 
aculeatus 





Immune measure increased with MHC 
distance 
(Lenz et al. 
2009b) 
 
 Sticklebacks Gasterosteus 
aculeatus 
Wild Class II B SSCP; 
Sanger seq 
Phenotypes Parasites Intermediate number of alleles 
associated with lowest parasite load 
(McCairns et al. 
2011) 
 
 Sticklebacks Gasterosteus 
aculeatus 
Experimental  Sanger seq 
mRNA 
Phenotypes Parasites Intermediate diversity reduced parasite 
load, but only in co-infection 
(Wegner et al. 
2003a)  
 Sticklebacks Gasterosteus 
aculeatus 
Wild Class II B SSCP Phenotypes Parasites Intermediate diversity and suggest 
overdominance 
(Wegner et al. 
2003b) 




Class II B SSCP Phenotypes Parasites, 
Survival 
Intermediate number of alleles survived 
and had lowest parasites.  
(Wegner 2008) 




Class II B 454 NGS Phenotypes Survival Survival highest in locally rare 
genotypes 






Wild Class II B SSCP Spatial; 
Phenotypes 
Parasites Specific allele increased dosage 
associated with reduction in parasite 
load 







Wild Class II B Sanger seq Spatial  MHC differentiation less than neutral (Fraser, 






Wild Class II B Sanger seq Spatial  MHC differentiation less than neutral (van Oosterhout 
et al. 2006) 











Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 





Wild Class II B Sanger seq Spatial  More pronounced geographical 
structure in MHC genes than in neutral 
markers 








Semi-natural Class I, 
Class II 






Wild Class I CE-SSCP; 
Sanger seq 







Experimental Class I DGGE Phenotypes Nestling 
survival 
Increased allelic diversity associated 
with increased nestling survival 







Experimental Class I DGGE Phenotypes Antibody 
response 
Allele number not associated with 
response to antigens; specific allele 
associated with response to antigens  






Wild Class I DGGE Phenotypes Malaria Specific allele associated with 
resistance/susceptibility; spatial 
variation 






Wild Class I RSCA Phenotypes Survival Allele number associated with 
increased juvenile survival; specific 
allele associated with lifespan 
(Brouwer et al. 
2010) 
 
 Yellowthroats Geothlypis 
trichas 
Wild Class I, 
Class II 
454 NGS Phenotypes Survival, 
Malaria 
Allele number associated with 
increased survival; specific allele 
associated with resistance to malaria 
(Dunn et al. 2013) 
 
 Great snipe Gallinago 
media 







Wild Class I 454 NGS Spatial  MHC variation equal to neutral; specific 
alleles associated with malaria risk and 
distance from poultry farm 
(González-
Quevedo et al. 
2016) 
 House finch Carpodacus 
mexicanus 
Wild Class II SSCP Phenotypes Bacteria Intermediate to high MHC number more 
resistant; MHC diversity increased in 
















Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 






Wild Class I 454 NGS Spatial; 
Phenotypes 
Malaria Spatial variation in MHC diversity, allele 
number, proteins, supertypes; higher 
diversity associated with higher 
prevalence of malaria 






Wild Class I RSCA Phenotypes Survival, 
Recruitment 
No overall association with survival or 
recruitment 







Wild DAB SSCP Spatial  MHC differentiation between 
populations 






Wild Class I DGGE Phenotypes Malaria, 
Parasites 
Specific allele associated with 
increased infection with malaria and 
reduction in blood parasite 







Wild Class I DGGE Spatial  Differentiation at MHC greater than 
microsatellites 







Wild Class I DGGE Spatial; 
Phenotypes 
Infection Location by allele interaction - variation 
amongst sites in associations between 
specific allele and infection status 











Specific MHC functional group 
associated with reduced survival, body 
mass and size 
(Lukasch et al. 
2017) 
 
 Chicken Gallus gallus Experimental Haplotypes MHC 
congenic lines 
Phenotypes Virus Not heterozygote advantage; specific 
haplotypes associated with antibody 
response 
(Martin et al. 
1989) 





Wild Class II SSCP Spatial  Neutral processes greater than 
selection 
(Miller & Lambert 
2004b) 
 Chicken Gallus gallus Experimental Haplotypes MHC 
congenic lines 
Phenotypes Parasites Specific alleles associated with 
resistance 











No associations between diversity and 
prevalence of blood parasite, nor LRS 
(Radwan et al. 
2012) 
 







annual recruitment and LRS  
Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main 
aspect of 
study 
Trait(s) Main conclusion Refs 
Bird Great tits Parus major Wild Class I 454 NGS Phenotypes Malaria Different supertypes associated with 
qualitative and quantitative resistance 
(Sepil et al. 
2013b) 




Wild Class I DGGE Temporal  Variation between cohorts at MHC 
greater than neutral 
(Westerdahl et al. 
2004) 




Wild Class I DGGE Phenotypes Malaria Increased diversity associated with 
increased prevalence 
(Westerdahl et al. 
2005) 
 




Wild Class I DGGE Phenotypes Malaria Specific allele associated with 
quantitative resistance 
(Westerdahl et al. 
2012) 
 
 Blue tits Cyanistes 
caeruleus 
Wild Class I RSCA Phenotypes Malaria Specific alleles associated with infection 
intensity but not clearance 




Gallus gallus Semi-natural Class II B RSCA Phenotypes Endoparasite 
infection 
Heterozygotes survived infection longer 
but due to reduced effect of susceptible 
haplotype - not overdominance 
(Worley et al. 
2010) 
 
Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main aspect 
of study 











Wild Class I, 
Class II 





Wild Class I, 
Class II 
Sanger seq Spatial  Natural processes generally more 
important (threatened population) 







Wild Class I 454 NGS Spatial; 
Phenotypes 
Ectoparasites No spatial differentiation; diversity not 
associated with tick burden; number of 
alleles positively associated with tick 
burden in reserves 
(Radwan et al. 
2014) 
Reptile Sand lizard Lacerta agilis Wild Class I RFLP Phenotypes Ectoparasites Specific allele associated with reduced 
ectoparasites 
(Olsson et al. 
2005) 
Reptile Tuatara Sphenodon 
spp. 









Taxon Species Binomial Wild or 
experimental 
Loci Marker type Main aspect 
of study 
Trait(s) Main conclusion Refs 
Reptile Water 
python 
Liasis fuscus Wild  RFLP Phenotypes Parasites Intermediate fragment number 
decreased parasite number; specific 
frags associated with resistance 






Wild Class II B 454 NGS Spatial  Variation between populations 
suggestive of neutral processes but 
does not rule out selective processes 






The International Polymorphism Database (IPD) is a centralised repository for 
polymorphic immune genes, and includes the IPD – MHC 
(http://www.ebi.ac.uk/ipd/mhc) for MHC genes of various species. MHC alleles from 
sheep (Ovis) are collated by Dr. Keith Ballingall of the Moredun Research Institute for 
the IPD – MHC. Nomenclature for novel alleles is assigned following standardised 
format (Marsh et al. 2010) and described at  
https://www.ebi.ac.uk/ipd/mhc/group/OLA/page/nomenclature. This nomenclature 
can be described using the example allele: Ovar-DRB1*01:02:03. 
Ovar-DRB1 indicates the species and locus.  
The first two digits (e.g. Ovar-DQB1*01:02:03) represent the allelic family. 
Within this family, alleles can differ by a maximum of four amino acids 
within exon 2, and up to an additional four amino acids throughout the 
remaining transcript.  
The second two digits (e.g. Ovar-DQB1*01:02:03) refer to a coding change 
within the allelic family.  
The final two digits (e.g. Ovar-DQB1*01:02:03) indicate synonymous 
substitutions. 







The OLADRB microsatellite, which is located in intron 2 of the class IIa DRB1 locus, was 
genotyped by Paterson et al. (1998) in individuals born between 1985 and 1994, and 
used in association studies between lamb and juvenile faecal egg counts and survival. 
Paterson (1998) sequenced the six most common OLADRB alleles, out of a total of eight 
alleles, and Table C.1 shows how the OLADRB allelic sequences match the DRB1 alleles 
identified in the Soay sheep in Chapter 2. All six sequenced OLADRB alleles matched 
DRB1 alleles, and, like the DRB1 alleles, did not separate haplotypes A and G, nor F and 
H.  




accession no. DRB1 allele IPD accession noa Class IIa haplotype 
205 Y10245 *22:01 IPD0008646 F and H 
213 Y10246 *13:01 IPD0008616 E 
257 Y10247 *01:02 IPD0008612 B 
263 Y10248 *01:01 IPD0008590 A and G 
267 Y10249 *01:01 IPD0008590 A and G 
269b NA    
276 Y10250 *03:02 IPD0008588 C 
287b NA   
 
a From IPD-MHC database at http://www.ebi.ac.uk/ipd/mhc/  
b Rare allele not sequenced 
 
After generating diplotype data for large numbers of individuals in Chapter 4, 941 
individuals that had previously genotyped at the OLADRB microsatellite by Paterson et 
al. (1998) also now had class IIa diplotypes. Figure C.0.1 shows the comparison of 
OLADRB genotypes with class IIa diplotypes. Many OLADRB genotypes were found to 
correspond to multiple class IIa diplotypes. Class IIa haplotypes B, C and E are each 
uniquely associated with a single DRB1 allele (see Chapter 2 and Table C.1), yet Figure 
C.0.1 shows that although the corresponding homozygous OLADRB genotypes (257, 
276 and 213, respectively) are associated with multiple class IIa diplotypes. This 
suggests there may be a large number of genotyping errors in the OLADRB genotypes, 
which is supported by a high number of parent-offspring mismatches in the Soay sheep 
database for this locus (J. Pemberton, pers. comm.). Alternatively, it is possible that the 
OLADRB microsatellites evolve more rapidly than the class IIa genes, though it seems 
Appendix C. Comparison of OLADRB 




unlikely the level of variation observed in Figure C.0.1 would be possible given the 
location of the microsatellite within intron 2 of DRB1. The main associations between 
OLADRB alleles and class IIa haplotypes are shown in Table C.2. This data clearly shows 
that the OLADRB microsatellite was not able to sufficiently represent the variation 




Figure C.0.1. Comparison of OLADRB microsatellite genotypes (allele size in bp) from 
Paterson et al. (1998) with MHC class IIa diplotypes genotyped by KASP in Chapter 4. The 
intensity of the blue colour of the square represents the proportion of individuals carrying a 







Table C.2. Main associations between OLADRB alleles and class IIa haplotypes. 







205 *22:01 F and H  
213 *13:01 E  
257 *01:02 B  
263 *01:01 G A 
267 *01:01 A  G 
269a    
276 *03:02 C  
287b *10:01 D  















Aligned nucleotide sequences of all DQA alleles identified in the Soay sheep study population. DQA1 SNPs genotyped by KASP are indicated by 
red boxes. High sequence similarity between DQA1 and the DQA2/2-like alleles, suggests cross-amplification may be possible. 
 





















Birth Year n P value P value 
 
n P value P value 
1985 6 0.4088 0.1268 
 
6 0.4072 0.8056 
1986 37 0.2795 0.7481 
 
37 0.2707 0.7513 
1987 80 0.4882 0.5918 
 
80 0.4795 0.572 
1988 30 0.5776 0.1158 
 
30 0.5779 0.1162 
1989 94 0.1863 0.8455 
 
94 0.0917 0.9088 
1990 121 0.978 0.2055 
 
121 0.9775 0.2041 
1991 177 0.9477 0.0848 
 
177 0.9301 0.1025 
1992 172 0.4599 0.181 
 
172 0.5481 0.1988 
1993 197 0.8644 0.64 
 
197 0.872 0.6357 
1994 186 0.6854 0.7723 
 
186 0.7467 0.7897 
1995 184 0.3743 0.0906 
 
184 0.564 0.1261 
1996 207 0.1353 0.8939 
 
207 0.1957 0.8683 
1997 218 0.4091 0.4227 
 
218 0.4027 0.421 
1998 226 0.6183 0.9772 
 
226 0.6257 0.975 
1999 162 0.7191 0.8833 
 
162 0.764 0.8866 
2000 189 0.2599 0.6619 
 
189 0.2409 0.659 
2001 249 0.7479 0.5833 
 
249 0.6969 0.5221 
2002 141 0.1273 0.7734 
 
141 0.1218 0.7791 
2003 234 0.1714 0.9879 
 
234 0.1802 0.9884 
2004 303 0.177 0.0265 
 
303 0.1555 0.0206 
2005 319 0.8388 0.1847 
 
319 0.5457 0.1891 
2006 220 0.0952 0.3741 
 
220 0.0807 0.191 
2007 263 0.5154 0.0236 
 
263 0.3793 0.0626 
2008 250 0.2011 0.1926 
 
250 0.2596 0.2415 
2009 241 0.9721 0.2726 
 
241 0.9894 0.2786 
2010 42 0.1755 0.3008 
 
42 0.9125 0.2337 
2011 331 0.2125 0.4636 
 
331 0.4124 0.5648 
2012 279 0.0232 0.9599 
 





Appendix E. HWE tests for each cohort of 














Birth Year n P value P value n P value P value 
1985 6 0.4072 0.8056  5 0.6194 0.7916 
1986 37 0.2707 0.7513  35 0.3797 0.7874 
1987 80 0.4795 0.572  67 0.752 0.6707 
1988 30 0.5779 0.1162  16 0.0633 0.328 
1989 68 0.0329 0.7467  51 0.1241 0.7553 
1990 116 0.9875 0.1478  100 0.9864 0.2284 
1991 160 0.9136 0.207  42 0.3631 0.5565 
1992 97 0.1244 0.3845  75 0.0823 0.0832 
1993 168 0.9257 0.5961  71 0.9794 0.2035 
1994 133 0.7287 0.6986  23 0.3413 0.4374 
1995 137 0.8982 0.0649  120 0.8658 0.1276 
1996 185 0.0958 0.9039  64 0.5661 0.3911 
1997 189 0.1665 0.1659  59 0.546 0.3651 
1998 202 0.2708 0.9932  14 0.2176 0.962 
1999 132 0.8812 0.9161  106 0.7093 0.9633 
2000 161 0.8449 0.5364  128 0.7988 0.4579 
2001 245 0.6996 0.5316  15 0.0113 0.676 
2002 131 0.1908 0.7603  117 0.2018 0.6822 
2003 211 0.106 0.9951  171 0.1054 0.9446 
2004 210 0.0174 0.037  13 0.9731 0.3029 
2005 135 0.7427 0.2111  62 0.947 0.0352 
2006 166 0.0962 0.2103  57 0.6511 0.1575 
2007 153 0.1407 0.0305  85 0.0967 0.2232 
2008 190 0.114 0.3734  91 0.2978 0.5806 
2009 177 0.9668 0.1486  90 0.1886 0.1973 
2010 12 0.9227 0.2357  6 1 0.4138 
2011 229 0.5482 0.4589  14 0.8996 0.5606 







Figure F.0.1. Comparisons of estimates of haplotype effects on FEC from LMM of 
Log(Fec+50) (green) and GLMM of untransformed FEC with negative binomial errors 
(orange) in lambs as a) presence of haplotype and b) dosage of haplotype.    
 
 
Figure F.0.2. Comparisons of estimates of haplotype effects on FEC from LMM of 
Log(Fec+50) (green) and GLMM of untransformed FEC with negative binomial errors 
(orange) in yearling females (a) and males (b) for presence of haplotype.    
 





Figure F.0.3. Comparisons of estimates of haplotype effects on FEC from LMM of 
Log(Fec+50) (green) and GLMM of untransformed FEC with negative binomial errors 
(orange) in a) adult females (presence of haplotype), b) adult males (presence of haplotype) 
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Table F.2. Null models for yearlings 
  August weight FEC 
  Females Males 














 Sex: male 4.262 
(0.188) 
< 0.0001     
















   
 Residual‡ 7.085 
(2.662) 
     







 Sex: male 4.283 
(0.184) 
     

































* Mean centred 












Table F.3. Null models from GLMMs for adults 
 August weight Immunoglobulins FEC 
Ages included 2 + 1 + 2 +  






















 5.395 (0.327)  6.181 (0.113)  
Sex: male 9.773 
(0.203) 






< 0.0001     








 -0.377 (0.117)    
Age2 -0.107 
(0.004) 
< 0.0001   -0.006 
(0.001) 
< 0.0001 0.002 
(0.000) 









0.4387 1.577 (2.523) 0.5376 0.103 (2.403) 1.0000 






















   






























     
* Mean centred 








Table F.4. Null models from AMs for adults 
 August weight Immunoglobulins FEC 
Ages included 2 + 1 + 2 +  
  IgA IgE IgG Females Males 
 Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) 
Intercept 17.88 (0.318) 1.405 (0.049) 0.471 (0.034) 0.718 (0.020) 6.869 (0.203) 6.351 (0.291) 
Sex: male 9.83 (0.196) -0.025 (0.029) 0.004 (0.022) -0.071 (0.012)   
Age (Years) -7.434 (3.429) 0.018 (0.003) 0.098 (0.006) -0.042 (0.005) -0.214 (0.032)  
Age2 1.602 (0.055)  -0.006 (0.001) 0.002 (0.0004) 0.016 (0.002)  
Fhat3 -0.107 (0.004) 0.478 (0.500) -0.119 (0.384) -0.014 (0.197) 0.293 (0.858) -0.208 (1.866) 
August weight* -6.608 (3.075)    -0.07 (0.009) -0.019 (0.009) 
VAdditive 2.529 (0.493) 0.188 (0.021) 0.077 (0.01) 0.009 (0.002) 0.058 (0.025) 0.0000003 (0) 
VPermanentEnvironment 3.628 (0.415) 0.051 (0.012) 0.045 (0.007) 0.015 (0.002) 0.035 (0.025) 0.174 (0.051) 
VBirthYear 0.259 (0.134) 0.004 (0.003)  0.0001 (0.0003) 0.005 (0.005) 0.072 (0.032) 
VCaptureYear 1.139 (0.327) 0.002 (0.001) 0.003 (0.001) 0.002 (0.001) 0.018 (0.008)  
VPlate  0.007 (0.002) 0.001 (0.001) 0.006 (0.001)   
VResidual 2.314 (0.075) 0.058 (0.002) 0.038 (0.001) 0.015 (0.0005) 0.588 (0.023) 0.527 (0.05) 




Table F.5. Model output for August weight models of haplotype presence/absence in lambs.  
  Haplotype 
 
 A B C D E F G H 
No interaction N (absent) 1047 924 1185 1398 1196 1078 1117 1268 
N (present) 451 574 313 100 302 420 381 230 
 LMM Haplotype: 1 0.143 0.032 0.070 -0.107 -0.197 -0.127 0.096 0.022 
 (0.106) (0.102) (0.124) (0.200) (0.123) (0.109) (0.112) (0.135) 
Log 
Likelihood 
-3068.0 -3068.8 -3068.7 -3068.8 -3067.6 -3068.2 -3068.5 -3068.9 
χ2 0.098 0.322 0.293 2.550 1.360 0.729 0.027 0.098 
P-value a 0.7544 0.5702 0.5883 0.1103 0.2436 0.3932 0.8686 0.7544 
 AM Haplotype: 1 0.156 0.102 -0.008 -0.176 -0.204 -0.148 0.09 0.038 
 (0.111) (0.108) (0.13) (0.214) (0.128) (0.115) (0.118) (0.142) 
Conditional 
Wald F-test c 1.97 0.90 0.00 0.68 2.53 1.65 0.58 0.07 
P-value 0.1608 0.3425 0.9502 0.4115 0.1117 0.1987 0.4480 0.7867 
































 LMM Log 
Likelihood 
-3066.9 -3068.8 -3067.3 -3068.5 -3067.2  -3066.6  -3068.4 -3068.5 
χ2 2.05 0.14 2.78 0.44 0.82 3.25 0.30 0.71 
P-value b 0.1518 0.7114 0.0955 0.5069 0.3660 0.0715 0.5846 0.4010 
 AM Conditional 
Wald F-test d 1.64 0.24 3.26 0.56 0.95 2.88 0.21 0.82 
P-value 0.2002 0.6253 0.0713 0.4540 0.3308 0.0901 0.6492 0.3659 
a compared to null model (log likelihood = -3068.9) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 








Table F.6. Model output for August weight models of haplotype dosage in lambs. 
  Haplotype 
 




N (absent) 1047 924 1185 1398 1196 1078 1117 1268 
N (1 copy) 404 498 300 96 291 384 354 219 
N (2 copies) 47 76 13 4 11 36 27 11 
 LMM Haplotype: 1  0.117 0.050 0.123  -0.180 -0.142 0.134 -0.036 
(0.109) (0.105) (0.125)  (0.124) (0.111) (0.114) (0.136) 
Haplotype: 2  0.412 -0.110 -1.102  -0.704 0.073 -0.474 1.334 
(0.275) (0.222) (0.511)  (0.543) (0.312) (0.356) (0.561) 
Log Likelihood -3067.4 -3068.6 -3065.9  -3067.2 -3068.0 -3067.1 -3066.0 
χ2 2.95 0.62 5.93  3.48 1.83 3.60 5.84 
P-value a 0.2286 0.7324 0.0515  0.1758 0.4008 0.1654 0.0540 
 AM Haplotype: 1  0.127 0.11 0.045  -0.19 -0.16 0.124 -0.015 
(0.114) (0.109) (0.131)  (0.129) (0.116) (0.12) (0.143) 
Haplotype: 2  0.495 0.01 -1.435  -0.694 0.071 -0.561 1.414 
(0.28) (0.234) (0.515)  (0.547) (0.321) (0.362) (0.56) 
Conditional 
Wald F-test c  
1.86 0.55 4.08  1.69 1.09 2.10 3.26 
P-value c 0.1566 0.5797 0.0171  0.1849 0.3351 0.1229 0.0386 
With  
interaction   
















































 LMM Log Likelihood -3066.3 -3068.0    -3066.1 -3066.9  
χ2 2.21 1.12    3.72 0.35  
P-value b 0.3309 0.5724    0.1554 0.8394  
 AM Conditional 
Wald F-test d 
0.93 0.88    1.71 0.21  
P-value d 0.3958 0.4166    0.1815 0.6492  
a compared to null model (log likelihood = -3068.9) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 







Table F.7. Model output for August weight models of haplotype presence/absence in 
yearlings. 
  Haplotype 
 
 A B C D E F G H 
No interaction N (absent) 598 531 672 812 690 640 650 717 
N (present) 268 335 194 54 176 226 216 149 
 LMM Haplotype: 1 0.095 0.184 -0.129 0.405 -0.756 -0.231 0.712 -0.221 
 (0.198) (0.187) (0.219) (0.381) (0.226) (0.210) (0.213) (0.246) 
Log Likelihood -2104.5 -2104.1 -2104.0 -2104.0 -2099.0 -2104.0 -2099.0 -2104.2 
χ2 0.23 0.96 0.34 1.13 11.12 1.21 11.09 0.81 
P-value a 0.6320 0.3261 0.5594 0.2883 0.0009 0.2710 0.0009 0.3685 
 AM Haplotype: 1 0.101 0.245 -0.085 0.243 -0.738 -0.279 0.688 -0.091 
 (0.207) (0.203) (0.241) (0.417) (0.239) (0.224) (0.231) (0.262) 
Conditional 
Wald F-test c 
0.24 1.45 0.12 0.34 9.54 1.57 8.87 0.12 
P-value 0.6275 0.2284 0.7259 0.5604 0.0021 0.2110 0.0030 0.7281 
































 LMM Log Likelihood -2104.5 2104.0 -2104.4 -2104.0 -2098.9 -2102.6 -2098.0 -2102.6 
  χ2 0.04 0.21 0.03 0.00 0.18 2.83 2.10 1.53 
  P-value b 0.8511 0.6451 0.8685 0.9518 0.6741 0.0927 0.1476 0.2158 
 AM Conditional 
Wald F-test d 
0.00 0.05 0.18 0.00 0.02 3.76 1.52 1.56 
P-value 0.9926 0.8189 0.6741 0.9597 0.8982 0.0529 0.2175 0.2126 
a compared to null model (log likelihood = -2104.6) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 








Table F.8. Model output for August weight models of haplotype dosage in yearlings. 
  Haplotype 
 




N (absent) 598 531 672 812 690 640 650 717 
N (1 copy) 248 298 183 54 168 209 202 142 
N (2 copies) 20 37 11 0 8 17 14 7 
 LMM Haplotype: 1  0.164 0.183 -0.144   -0.262 0.712  
(0.203) (0.194) (0.224)   (0.217) (0.219)  
Haplotype: 2  -0.703 0.195 0.139   0.145 0.708  
(0.585) (0.458) (0.827)   (0.664) (0.785)  
Log Likelihood -2103.4 2104.1 -2104.4   -2103.8 -2099.0  
χ2 2.34 0.97 0.46   1.57 11.09  
P-value a 0.3098 0.6172 0.7965   0.4570 0.0039  
 AM Haplotype: 1  0.177 0.244 -0.103   -0.296 0.695  
(0.211) (0.206) (0.244)   (0.227) (0.234)  
Haplotype: 2  -0.981 0.254 0.31   0.016 0.54  
(0.586) (0.471) (0.829)   (0.67) (0.788)  
Conditional 
Wald F-test c  
2.08 0.73 0.19   0.89 4.44  
P-value c 0.1258 0.4843 0.8311   0.4092 0.0121  




















































LMM Haplotype: 1  0.116 0.081       
(0.259) (0.253)       
Haplotype: 2  0.199 0.356       
(0.862) (0.582)       
Haplotype: 1 * 
Sex:Male 
0.126 0.248       
(0.418) (0.398)       
Haplotype:2 * 
Sex:Male 
-1.658 -0.423       
(1.171) (0.942)       
Log Likelihood -2102.3 -2103.8       
χ2 2.22 0.70       
P-value b 0.3297 0.7060       
AM Conditional 
Wald F-test d 
1.57 0.39       
P-value d 0.2078 0.6795       
a compared to null model (log likelihood = -2104.6) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.9. Model output for August weight models of haplotype presence/absence in adults. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 628 579 698 871 747 682 705 795 
N (present) 300 349 230 57 181 246 223 133 
 LMM Haplotype: 1 -0.158 0.094 -0.636 -0.010 -0.172 0.219 0.586 -0.107 
  (0.187) (0.181) (0.203) (0.379) (0.219) (0.200) (0.206) (0.249) 
 Log Likelihood -6437.0 6437.3 -6432.5 -6437.4 -6437.1 -6436.8 -6433.4 -6437.3 
 χ2 0.71 0.28 9.76 0.00 0.63 1.21 8.09 0.19 
 P-value a 0.3983 0.6000 0.0018 0.9731 0.4289 0.2720 0.0044 0.6670 
 AM Haplotype: 1 -0.164 0.047 -0.618 -0.11 0.032 0.192 0.359 -0.012 
   (0.198) (0.199) (0.225) (0.427) (0.236) (0.215) (0.226) (0.265) 
  Conditional 
Wald F-test c 
0.68 0.05 7.53 0.07 0.02 0.80 2.53 0.00 




































 LMM Log Likelihood -6437.0 -6437.3 6432.2 -6436.4 -6437.1 -6436.4 -6439.0 -6437.3 
  χ2 0.17 0.03 0.59 2.08 0.03 0.84 3.45 0.05 
  P-value b 0.6793 0.8589 0.4412 0.1493 0.8553 0.3594 0.0634 0.8231 
 AM Conditional 
Wald F-test d 
0.01 0.06 2.07 2.37 0.00 1.66 3.05 0.00 
  P-value 0.9118 0.8003 0.1501 0.1238 0.9820 0.1978 0.0809 0.9746 
a compared to null model (log likelihood = -6437.4) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.10. Model output for August weight models of haplotype dosage in adults. 
  Haplotype 
 




N (absent) 628 579 698 871 747 682 705 795 
N (1 copy) 277 300 214 56 173 227 210 125 
N (2 copies) 23 49 16 1 8 19 13 8 
 LMM Haplotype: 1  -0.176 0.023 -0.627  -0.158 0.213 0.562 -0.077 
(0.193) (0.190) (0.208)  (0.223) (0.206) (0.211) (0.254) 
Haplotype: 2  0.056 0.525 -0.752  -0.488 0.290 0.952 -0.697 
(0.557) (0.394) (0.673)  (0.985) (0.622) (0.762) (1.066) 
Log Likelihood -6437.0 -6436.5 -6432.5  -6437.0 -6436.8 -6433.2 -6437.2 
χ2 0.88 1.79 9.80  0.74 1.22 8.34 0.51 




Haplotype: 1  -0.177 0.007 -0.632  0.028 0.180 0.366 0.013 
(0.201) (0.201) (0.227)  (0.238) (0.217) (0.227) (0.269) 
Haplotype: 2  0.071 0.509 -0.310  0.177 0.465 0.147 -0.550 
(0.564) (0.412) (0.670)  (0.948) (0.638) (0.759) (1.044) 
Conditional 
Wald F-test c  
0.44 0.85 3.87  0.02 0.50 1.31 0.14 
P-value c 0.6443 0.4293 0.0212  0.9780 0.6055 0.2697 0.8672 




















































 LMM Log Likelihood -6435.5 -6436.4 -6432.1   -6435.4 -6431.3  
 χ2 2.90 0.13 0.73   2.86 3.94  
 P-value b 0.2346 0.9388 0.6951   0.2399 0.1393  
 AM Conditional 
Wald F-test d 
2.37 0.19 1.27   1.74 1.67  
P-value d 0.0945 0.8245 0.2804   0.1757 0.1899  
a compared to null model (log likelihood = -6437.4) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.11. Model output for anti-T. circ IgA models of haplotype presence/absence in 
lambs. 
  Haplotype 
 
 A B C D E F G H 
No interaction N (absent) 1084 958 1256 1469 1260 1143 1177 1334 
N (present) 489 615 317 104 313 430 396 239 
 LMM Haplotype: 1 0.007 -0.006 0.092 0.021 0.059 -0.066 -0.026 -0.007 
 (0.026) (0.025) (0.031) (0.050) (0.031) (0.027) (0.028) (0.034) 
Log Likelihood -1021.3 -1021.3 -1016.9 -1021.3 -1019.5 -1018.4 -1020.9 -1021.3 
χ2 0.08 0.06 8.95 0.18 3.71 5.82 0.85 0.04 
P-value a 0.7817 0.8124 0.0028 0.6726 0.0542 0.0158 0.3560 0.8366 
 AM Haplotype: 1 0.046 -0.016 0.066 0.017 0.086 -0.033 -0.074 -0.042 
 (0.028) (0.027) (0.033) (0.055) (0.032) (0.029) (0.030) (0.036) 
Conditional 
Wald F-test c 
2.79 0.34 4.09 0.09 7.15 1.24 6.19 1.34 




































 LMM Log Likelihood -1020.3 -1021.3 -1016.4 -1021.2 -1018.8 -1017.6 -1019.8 -1019.2 
 χ2 2.00 0.02 0.98 0.02 1.33 1.64 2.25 4.18 
 P-value b 0.1577 0.8828 0.3214 0.8887 0.2489 0.2001 0.1334 0.0408 
 AM Conditional 
Wald F-test d 
2.79 0.34 4.09 0.09 7.15 1.24 6.19 1.34 
P-value 0.0953 0.5605 0.0433 0.7602 0.0076 0.2664 0.0130 0.2469 
a compared to null model (log likelihood = -1021.4) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 





Table F.12. Model output for anti-T. circ IgA models of haplotype dosage in lambs. 
  Haplotype 
 




N (absent) 1084 958 1256 1469 1260 1143 1177 1334 
N (1 copy) 437 530 303 100 299 394 368 229 
N (2 copies) 52 85 14 4 14 36 28 10 
 LMM Haplotype: 1  0.020 -0.005 0.087  0.059 -0.061 -0.025 -0.007 
(0.027) (0.026) (0.031)  (0.031) (0.028) (0.029) (0.034) 
Haplotype: 2  -0.108 -0.018 0.208  0.080 -0.137 -0.047 -0.006 
(0.067) (0.055) (0.126)  (0.125) (0.079) (0.094) (0.149) 
Log Likelihood -1019.5 -1021.3 -1016.4  -1019.5 -1018.0 -1020.9 -1021.3 
χ2 3.619 0.113 9.855  3.738 6.708 0.906 0.043 




Haplotype: 1  0.055 -0.014 0.064  0.086 -0.032 -0.074 -0.042 
(0.028) (0.027) (0.033)  (0.032) (0.03) (0.03) (0.036) 
Haplotype: 2  -0.06 -0.043 0.139  0.118 -0.043 -0.088 -0.039 
(0.067) (0.058) (0.123)  (0.122) (0.08) (0.093) (0.143) 
Conditional 
Wald F-test c  
2.90 0.31 2.23  3.61 0.63 3.10 0.67 
P-value c 0.0552 0.7302 0.1078  0.0273 0.5339 0.0453 0.5117 
With 




















































 LMM Log Likelihood 1131.0 1128.6    1131.7 1128.7  
 χ2 1.82 0.27    1.41 0.31  
 P-value b 0.178 0.604    0.236 0.580  
 AM Conditional 
Wald F-test d 
1.18 0.36    1.23 2.39  
 P-value d 0.3082 0.6992    0.2917 0.0918  
a compared to null model (log likelihood = -1021.4) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 




Table F.13. Model output for anti-T. circ IgA models of haplotype presence/absence in 
adults. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 771 708 876 1078 917 845 871 956 
N (present) 371 434 266 64 225 297 271 186 
 LMM Haplotype: 1 -0.105 0.058 0.127 0.164 -0.031 -0.104 0.038 -0.003 
 (0.033) (0.032) (0.037) (0.067) (0.039) (0.036) (0.037) (0.043) 
Log Likelihood -1316.1 -1319.4 -1315.1 -1318.0 -1320.7 -1316.7 -1320.5 -1321.0 
χ2 9.88 3.28 11.73 5.99 0.62 8.54 1.07 0.00 
P-value a 0.0017 0.0701 0.0006 0.0144 0.4297 0.0035 0.3008 0.9502 
 AM Haplotype: 1 -0.034 0.065 0.063 0.069 -0.009 -0.069 -0.035 -0.006 
 (0.035) (0.035) (0.041) (0.076) (0.042) (0.038) (0.04) (0.046) 
Conditional 
Wald F-test c 
0.94 3.51 2.38 0.81 0.05 3.30 0.79 0.02 
P-value 0.3337 0.0614 0.1235 0.3679 0.8206 0.0694 0.3745 0.8966 
With  
interaction 
N (absent)         
N (present)         
 LMM Log Likelihood -1315.7 -1319.4 1314.5 -1316.9 -1320.3 -1316.7 -1320.1 -1321.0 
 χ2 0.81 0.00 1.33 2.27 0.77 0.03 0.76 0.03 
 P-value b 0.3693 0.9949 0.2480 0.1317 0.3799 0.8681 0.3837 0.8594 
AM Conditional 
Wald F-test d 
1.26 0.01 1.06 3.69 2.33 0.14 0.32 0.11 
 P-value 0.2625 0.9227 0.3047 0.0552 0.1274 0.7046 0.5720 0.7369 
a compared to null model (log likelihood = -1321.0) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 





Table F.14. Model output for anti-T. circ IgA models of haplotype dosage in adults. 
  Haplotype 
 




N (absent) 771 708 876 1078 917 845 871 956 
N (1 copy) 337 379 249 63 214 275 253 174 
N (2 copies) 34 55 17 1 11 22 18 12 
 LMM Haplotype: 1  -0.092 0.046 0.128  -0.030 -0.096 0.048 -0.006 
(0.034) (0.034) (0.038)  (0.040) (0.037) (0.038) (0.044) 
Haplotype: 2  -0.232 0.141 0.114  -0.043 -0.202 -0.111 0.045 
(0.092) (0.074) (0.129)  (0.160) (0.113) (0.132) (0.155) 
Log Likelihood -1315.0 -1318.6 -1315.1  -1320.7 -1316.3 -1319.8 -1321.0 
χ2 12.09 4.86 11.74  0.63 9.38 2.45 0.11 
P-value a 0.0024 0.0879 0.0028  0.7301 0.0092 0.2941 0.9470 
 AM Haplotype: 1  -0.031 0.065 0.062  -0.01 -0.069 -0.034 -0.008 
(0.035) (0.035) (0.041)  (0.042) (0.038) (0.04) (0.046) 
Haplotype: 2  -0.104 0.119 0.116  0.001 -0.059 -0.118 0.058 
(0.089) (0.073) (0.119)  (0.14) (0.107) (0.121) (0.145) 
Conditional 
Wald F-test c  
0.84 2.10 1.30  0.03 1.65 0.66 0.12 
P-value c 0.4337 0.1225 0.2741  0.9713 0.1918 0.5192 0.8907 
With  
interaction   
N (absent)         
N (1 copy)         
N (2 copies)         
 LMM Log Likelihood -1313.9 -1318.2    -1316.3   
 χ2 2.06 0.71    0.07   
 P-value b 0.3569 0.7015    0.9645   
AM Conditional 
Wald F-test d 
1.42 0.18    0.07   
 P-value d 0.2427 0.8379    0.9328   
a compared to null model (log likelihood = -1321.0) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 





Table F.15. Model output for anti-T. circ IgE models of haplotype presence/absence in 
lambs. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 1088 962 1261 1474 1264 1144 1181 1338 
N (present) 490 616 317 104 314 434 397 240 
 LMM Haplotype: 1 -0.013 0.006 -0.005 0.026 0.002 0.016 -0.007 -0.005 
 (0.006) (0.006) (0.008) (0.012) (0.008) (0.007) (0.007) (0.008) 
Log Likelihood 1130.1 1128.5 1128.2 1130.3 1128.0 1131.0 1128.6 1128.2 
χ2 4.16 0.91 0.40 4.60 0.07 5.93 1.12 0.36 




Haplotype: 1 -0.011 0.011 -0.003 0.025 -0.001 0.016 -0.013 -0.005 
 (0.007) (0.007) (0.008) (0.013) (0.008) (0.007) (0.007) (0.009) 
Conditional 
Wald F-test c 
2.50 2.58 0.16 3.59 0.02 5.07 3.03 0.36 





































 LMM Log Likelihood 1131.0 1128.6 1128.3 1130.4 1128.0 1131.7 1128.7 1128.5 
 χ2 1.82 0.27 0.19 0.26 0.01 1.41 0.31 0.59 
 P-value b 0.1777 0.6039 0.6643 0.6134 0.9310 0.2355 0.5797 0.4425 
AM Conditional 
Wald F-test d 
1.71 0.11 0.09 0.30 0.01 1.36 0.56 0.61 
 P-value 0.1915 0.7350 0.7619 0.5830 0.9143 0.2445 0.4527 0.4363 
a compared to null model (log likelihood = 1128.0) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.16. Model output for anti-T. circ IgE models of haplotype dosage in lambs. 
  Haplotype 
 




N (absent) 1088 962 1261 1474 1264 1144 1181 1338 
N (1 copy) 438 531 303 100 300 397 369 230 
N (2 copies) 52 85 14 4 14 37 28 10 
 LMM Haplotype: 1  -0.011 0.008 -0.005  0.0005 0.016 -0.006 -0.005 
(0.007) (0.006) (0.008)  (0.008) (0.007) (0.007) (0.008) 
Haplotype: 2  -0.033 -0.007 -0.004  0.037 0.022 -0.028 0.006 
(0.017) (0.014) (0.031)  (0.031) (0.020) (0.023) (0.037) 
Log Likelihood 1130.9 1129.0 1128.2  1128.7 1131.0 1129.0 1128.2 
χ2 5.84 2.07 0.40  1.41 6.03 1.99 0.46 






Haplotype: 1  -0.009 0.012 -0.003  -0.002 0.016 -0.012 -0.006 
(0.007) (0.007) (0.008)  (0.008) (0.007) (0.007) (0.009) 
Haplotype: 2  -0.029 -0.002 -0.006  0.031 0.019 -0.032 0.008 
(0.017) (0.014) (0.032)  (0.031) (0.02) (0.024) (0.037) 
Conditional 
Wald F-test c  
1.96 1.82 0.09  0.58 2.55 1.89 0.25 
P-value c 0.1420 0.1632 0.9177  0.5620 0.0788 0.1509 0.7788 
With  
interaction   
















































 LMM Log Likelihood 1132.8 1129.2    1131.8 1129.2  
 χ2 3.83 0.28    1.47 0.47  
 P-value b 0.1473 0.8697    0.4796 0.7918  
AM Conditional 
Wald F-test d 
1.99 0.06    0.74 0.51  
 P-value d 0.1366 0.9378    0.4770 0.5979  
a compared to null model (log likelihood = 1128.0) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 





Table F.17. Model output for anti-T. circ IgE models of haplotype presence/absence in 
adults. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 771 708 876 1078 917 845 871 956 
N (present) 371 434 266 64 225 297 271 186 
 LMM Haplotype: 1 -0.091 0.086 0.048 0.105 0.025 0.006 -0.081 -0.035 
 (0.024) (0.023) (0.027) (0.048) (0.028) (0.026) (0.027) (0.031) 
Log Likelihood -521.6 -521.8 -527.1 -526.3 -528.3 -528.7 -524.1 -528.1 
χ2 14.19 13.75 3.27 4.77 0.79 0.06 9.24 1.27 




Haplotype: 1 -0.05 0.079 0.049 0.123 0.01 -0.012 -0.069 -0.064 
 (0.026) (0.026) (0.03) (0.056) (0.031) (0.028) (0.029) (0.034) 
Conditional 
Wald F-test c 
3.71 9.35 2.72 4.93 0.11 0.20 5.52 3.67 
P-value 0.0542 0.0023 0.0995 0.0267 0.7403 0.6583 0.0190 0.0557 
With  
interaction 
N (absent)         
N (present)         
 LMM Log Likelihood -521.5 -521.6 -524.5 -525.4 -528.3 -528.0 -523.9 -528.0 
 χ2 0.18 0.51 5.06 1.89 0.08 1.27 0.45 0.05 
 P-value b 0.6701 0.4749 0.0244 0.1691 0.7816 0.2589 0.5028 0.8147 
AM Conditional 
Wald F-test d 
0.13 0.30 2.90 0.55 0.01 1.19 0.33 0.07 
 P-value 0.7138 0.5825 0.0889 0.4583 0.9244 0.2756 0.5663 0.7902 
a compared to null model (log likelihood = -528.71) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 





Table F.18. Model output for anti-T. circ IgE models of haplotype dosage in adults. 
  Haplotype 
 




N (absent) 771 708 876 1078 917 845 871 956 
N (1 copy) 337 379 249 63 214 275 253 174 
N (2 copies) 34 55 17 1 11 22 18 12 
 LMM Haplotype: 1  -0.088 0.077 0.044  0.028 0.006 -0.065 -0.025 
(0.025) (0.024) (0.027)  (0.029) (0.027) (0.027) (0.032) 
Haplotype: 2  -0.119 0.149 0.119  -0.022 0.007 -0.323 -0.168 
(0.067) (0.053) (0.093)  (0.115) (0.082) (0.094) (0.112) 
Log Likelihood -521.5 -521.0 -526.8  -528.2 -529.0 -520.5 -527.3 
χ2 14.40 15.52 3.90  0.97 0.06 16.36 2.82 
P-value a 0.0007 0.0004 0.1426  0.6145 0.9721 0.0003 0.2438 
 AM Haplotype: 1  -0.049 0.077 0.045  0.012 -0.012 -0.066 -0.057 
(0.026) (0.026) (0.03)  (0.031) (0.028) (0.029) (0.034) 
Haplotype: 2  -0.069 0.133 0.192  -0.077 -0.012 -0.191 -0.222 
(0.067) (0.055) (0.09)  (0.107) (0.081) (0.092) (0.109) 
Conditional 
Wald F-test c  
1.90 5.31 2.76  0.42 0.10 3.77 3.00 
P-value c 0.1494 0.0051 0.0638  0.6598 0.9070 0.0234 0.0502 
With interaction   N (absent)         
N (1 copy)         
N (2 copies)         
 LMM Log Likelihood -521.2 -520.5    -526.0   
 χ2 0.67 0.99    5.51   
 P-value b 0.7151 0.6090    0.0636   
AM Conditional 
Wald F-test d 
0.18 0.29    1.66   
 P-value d 0.8376 0.7463    0.1903   
a compared to null model (log likelihood = -528.7) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.19. Model output for anti-T. circ IgG models of haplotype presence/absence in 
lambs. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 1087 960 1260 1471 1261 1141 1178 1336 
N (present) 488 615 315 104 314 434 397 239 
 LMM Haplotype: 1 -0.007 -0.021 0.007 0.011 0.031 -0.006 -0.022 0.016 
 (0.010) (0.009) (0.012) (0.019) (0.012) (0.010) (0.011) (0.013) 
Log Likelihood 462.2 464.4 462.1 462.1 465.5 462.1 464.0 462.7 
χ2 0.50 4.85 0.32 0.32 7.08 0.34 4.19 1.59 




Haplotype: 1 -0.002 -0.018 0.007 -0.007 0.029 0.001 -0.029 0.008 
 (0.01) (0.01) (0.012) (0.021) (0.012) (0.011) (0.011) (0.014) 
Conditional 
Wald F-test c 
0.04 3.11 0.31 0.12 5.85 0.00 6.83 0.34 
P-value 0.8441 0.0779 0.5776 0.7309 0.0157 0.9522 0.0091 0.5610 
With  
interaction 
































 LMM Log Likelihood 462.4 464.4 463.0 462.1 466.4 462.4 464.1 464.0 
 χ2 0.42 0.15 1.73 0.01 1.76 0.53 0.10 2.49 
 P-value b 0.5158 0.7029 0.1884 0.9033 0.1840 0.4658 0.7519 0.1149 
AM Conditional 
Wald F-test d 
0.37 0.00 1.20 0.07 2.32 0.17 0.50 2.10 
 P-value 0.5424 0.9655 0.2732 0.7930 0.1279 0.6823 0.4814 0.1476 
a compared to null model (log likelihood = 461.9) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.20. Model output for anti-T. circ IgG models of haplotype dosage in lambs. 
  Haplotype 
 




N (absent) 1087 960 1260 1471 1261 1141 1178 1336 
N (1 copy) 436 530 301 100 300 397 369 229 
N (2 copies) 52 85 14 4 14 37 28 10 
 LMM Haplotype: 1  -0.009 -0.022 0.005  0.026 -0.009 -0.021 0.010 
(0.010) (0.010) (0.012)  (0.012) (0.011) (0.011) (0.013) 
Haplotype: 2  0.012 -0.012 0.036  0.155 0.026 -0.032 0.163 
(0.025) (0.021) (0.048)  (0.048) (0.030) (0.036) (0.056) 
Log Likelihood 462.5 464.5 462.3  469.1 462.8 464.1 466.3 
χ2 1.15 5.07 0.71  14.28 1.67 4.28 8.74 






Haplotype: 1  -0.004 -0.018 0.006  0.025 -0.001 -0.029 0.003 
(0.011) (0.01) (0.012)  (0.012) (0.011) (0.011) (0.014) 
Haplotype: 2  0.018 -0.011 0.02  0.157 0.031 -0.042 0.151 
(0.026) (0.022) (0.048)  (0.047) (0.03) (0.036) (0.055) 
Conditional 
Wald F-test c  
0.37 1.61 0.20  6.81 0.58 3.48 3.73 
P-value c 0.6904 0.2000 0.8212  0.0011 0.5590 0.0311 0.0242 
With  
interaction   
N (absent)         
N (1 copy)         
N (2 copies)         
 LMM Log Likelihood 462.8 464.7    463.0 464.1  
  χ2 0.53 0.39    0.50 0.11  
  P-value b 0.7669 0.8217    0.7802 0.9447  
 AM Conditional 
Wald F-test d 
0.26 0.08    0.09 0.27  
  P-value d 0.7728 0.9194    0.9104 0.7629  
a compared to null model (log likelihood = -450.2) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.21. Model output for anti-T. circ IgG models of haplotype presence/absence in 
adults. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 771 706 875 1076 915 844 869 954 
N (present) 369 434 265 64 225 296 271 186 
 LMM Haplotype: 1 -0.033 0.014 0.021 -0.042 0.033 -0.043 0.014 0.024 
 (0.011) (0.011) (0.013) (0.023) (0.013) (0.012) (0.013) (0.015) 
Log Likelihood 1134.3 1131.1 1131.6 1132.0 1133.3 1136.3 1130.9 1131.6 
χ2 8.06 1.69 2.71 3.44 6.12 12.09 1.29 2.72 




Haplotype: 1 -0.025 0.016 0.023 -0.051 0.037 -0.038 0.004 0.015 
 (0.012) (0.012) (0.014) (0.026) (0.015) (0.013) (0.014) (0.016) 
Conditional 
Wald F-test 
4.00 1.61 2.62 3.86 6.57 8.30 0.08 0.86 
P-value c 0.0460 0.2052 0.1060 0.0501 0.0106 0.0041 0.7721 0.3549 
With  
interaction 
N (absent)         
N (present)         
 LMM Log Likelihood 1137.2 1132.1 1131.7 1133.4 1133.4 1137.8 1131.9 1132.5 
  χ2 5.96 2.13 0.20 2.92 0.15 3.09 1.99 1.88 
  P-value b 0.0146 0.1446 0.6512 0.0873 0.7013 0.0789 0.1584 0.1709 
 AM Conditional 
Wald F-test 
5.81 1.54 0.08 2.80 0.04 2.97 1.58 2.32 
  P-value d 0.0161 0.2149 0.7770 0.0946 0.8441 0.0851 0.2091 0.1283 
a compared to null model (log likelihood = 1130.2) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 






Table F.22. Model output for anti-T. circ IgG models of haplotype dosage in adults. 
  Haplotype 
 




N (absent) 771 706 875 1076 915 844 869 954 
N (1 copy) 335 379 248 63 214 274 253 174 
N (2 copies) 34 55 17 1 11 22 18 12 
 LMM Haplotype: 1  -0.032 0.019 0.024  0.032 -0.041 0.008 0.022 
(0.012) (0.012) (0.013)  (0.014) (0.013) (0.013) (0.015) 
Haplotype: 2  -0.039 -0.015 -0.019  0.053 -0.060 0.116 0.054 
(0.032) (0.025) (0.045)  (0.055) (0.039) (0.045) (0.054) 
Log Likelihood 1134.3 1132.0 1132.0  1133.4 1136.4 1133.6 1131.8 
χ2 8.10 3.42 3.57  6.26 12.30 6.77 3.06 






Haplotype: 1  -0.024 0.019 0.024  0.036 -0.038 0.001 0.013 
(0.013) (0.012) (0.014)  (0.015) (0.013) (0.014) (0.016) 
Haplotype: 2  -0.028 -0.022 0.004  0.073 -0.043 0.074 0.044 
(0.033) (0.027) (0.045)  (0.054) (0.040) (0.046) (0.054) 
Conditional 
Wald F-test c  
2.00 2.05 1.41  3.52 4.16 1.31 0.58 
P-value c 0.1358 0.1298 0.2451  0.0300 0.0160 0.2712 0.5574 
With  
interaction   
N (absent)         
N (1 copy)         
N (2 copies)         
 LMM Log Likelihood 1137.3 1133.0    1138.4   
  χ2 6.06 2.02    4.06   
  P-value b 0.0484 0.3651    0.1314   
 AM Conditional 
Wald F-test d 
3.07 0.67    2.04   
  P-value d 0.0470 0.5123    0.1305   
a compared to null model (log likelihood = 1130.2) 
b compared to model without interaction 
c significance of haplotype term in model without haplotype*sex interaction 







Table F.23. Model output for FEC models of haplotype presence/absence in lambs. 
  Haplotype 
 
 A B C D E F G H 
Without 
interaction 
N (absent) 1111 968 1290 1529 1285 1197 1220 1379 
N (present) 509 652 330 91 335 423 400 241 
 NB Haplotype: 1 0.113 0.115 -0.136 -0.058 -0.011 -0.121 -0.066 -0.092 
 (0.063) (0.059) (0.071) (0.123) (0.072) (0.065) (0.067) (0.081) 
Log Likelihood -10656.7 -10656.3 -10656.5 -10658.2 -10658.3 -10656.6 -10657.8 -10657.7 




Haplotype: 1 0.084 0.069 -0.093 -0.076 0.019 -0.104 -0.001 -0.031 
 (0.051) (0.049) (0.059) (0.104) (0.059) (0.055) (0.055) (0.067) 
Conditional 
Wald F-test c 
3.80 1.00 1.96 1.00 0.05 1.90 0.15 2.00 
P-value 0.0225 0.3676 0.1415 0.3668 0.9513 0.1508 0.8607 0.1352 
With  
interaction 
N (absent)         
N (present)         
 NB Log Likelihood -10656.6 -10656.3 -10656.3 -10658.1 -10658.2 -10656.2 -10657.8 -10657.5 
  P-value b 0.6547 1.0000 0.5271 0.6547 0.6547 0.3711 1.0000 0.5271 
 AM Conditional 
Wald F-test d 
0.02 0.07 0.21 0.14 0.32 0.68 1.64 1.41 
  P-value 0.8758 0.7911 0.6503 0.7047 0.5693 0.4084 0.2011 0.2358 
a compared to null model (log likelihood = -10658.3) 
b compared to model without interaction 
c Modelled using Log(FEC+50) with Gaussian error. Significance of haplotype term in model without 
haplotype*sex interaction 








Table F.24. Model output for FEC models of haplotype dosage in lambs. 
  Haplotype 
 




N (absent) 1111 968 1290 1529 1285 1197 1220 1379 
N (1 copy) 451 559 316 87 322 381 374 232 
N (2 copies) 58 93 14 4 13 42 26 9 
 NB Haplotype: 1  0.044 0.119 -0.128  -0.0075 -0.123 -0.066  
(0.065) (0.061) (0.072)  (0.073) (0.068) (0.069)  
Haplotype: 2  0.591 0.090 -0.317  -0.103 -0.100 -0.058  
(0.161) (0.127) (0.299)  (0.346) (0.178) (0.240)  
Log Likelihood -10650.5 -10656.3 -10656.3  -10658.3 -10656.6 -10657.8  




Haplotype: 1  0.057 0.07 -0.082  0.019 -0.1 -0.006  
(0.052) (0.05) (0.06)  (0.059) (0.056) (0.056)  
Haplotype: 2  0.335 0.062 -0.359  0.009 -0.159 0.097  
(0.125) (0.104) (0.229)  (0.267) (0.142) (0.188)  
Conditional 
Wald F-test c  
2.70 2.00 2.47  0.10 3.62 0.00  
P-value c 0.1008 0.1578 0.1162  0.7533 0.0574 0.9828  
With  
interaction   
N (absent)         
N (1 copy)         
N (2 copies)         
 NB Log Likelihood -10648.8 -10654.9 -10656.1  -10657.3 -10656.2 -10657.8  
  P-value b 0.1827 0.2466 0.8187  0.3679 0.6703 1.0000  
 AM Conditional 
Wald F-test d 
0.01 0.72 0.10  0.71 0.38 1.01  
  P-value d 0.9913 0.4889 0.9053  0.4926 0.6831 0.3661  
a compared to null model (log likelihood = -2103.5) 
b compared to model without interaction 
c Modelled using Log(FEC+50) with Gaussian error. Significance of haplotype term in model without 
haplotype*sex interaction 





Table F.25. Model output for FEC models of haplotype presence/absence in yearlings. 
  Haplotype 
 
 A B C D E F G H 
Females N (absent) 306 268 332 400 338 316 325 368 
N (present) 127 165 101 33 95 117 108 65 
 NB Haplotype: 1 0.222 0.052 -0.103 -0.390 -0.056 -0.045 -0.121 0.000 
 (0.175) (0.165) (0.190) (0.300) (0.196) (0.181) (0.188) (0.229) 
Log Likelihood -2624.1 -2624.9 -2624.8 -2624.2 -2624.9 -2624.9 -2624.7 -2624.9 




Haplotype: 1 0.179 0.078 -0.068 -0.28 -0.052 -0.031 -0.133 -0.005 
 (0.097) (0.094) (0.11) (0.174) (0.11) (0.101) (0.106) (0.127) 
Conditional 
Wald F-test 
3.40 0.69 0.38 2.60 0.23 0.10 1.58 0.00 
P-value 0.0659 0.4072 0.5406 0.1080 0.6353 0.7563 0.2104 0.9701 
Males 
 
N (absent) 216 183 243 292 254 230 232 244 
N (present) 92 125 65 16 54 78 76 64 
 NB Haplotype: 1 0.300 -0.101 0.198 0.088 -0.245 -0.114 -0.304 0.174 
 (0.149) (0.141) (0.166) (0.301) (0.177) (0.158) (0.161) (0.173) 
Log Likelihood -2071.1 -2072.9 -2072.4 -2073.1 -2072.2 -2072.9 -2071.4 -2072.6 




Haplotype: 1 0.297 -0.013 0.196 0.134 -0.274 -0.113 -0.25 0.172 
 (0.115) (0.109) (0.131) (0.237) (0.135) (0.124) (0.126) (0.133) 
Conditional 
Wald F-test 6.61 0.01 2.23 0.32 4.13 0.84 3.90 1.65 
P-value 0.011 0.906 0.137 0.573 0.043 0.361 0.049 0.200 
a compared to null model (log likelihood = -2624.9) 
b compared to null model (log likelihood = -7073.12) 
c significance of haplotype term in model without haplotype*sex interaction 









Table F.26. Model output for FEC models of haplotype presence/absence in adults. 
  Haplotype 
 
 A B C D E F G H 
Females N (absent) 416 390 464 581 497 464 471 533 
N (present) 204 230 156 39 123 156 149 87 
 NB Haplotype: 1 -0.066 0.048 0.050 0.202 -0.136 0.118 -0.119 -0.178 
 (0.14) (0.133) (0.154) (0.242) (0.162) (0.146) (0.146) (0.194) 
Log Likelihood 0.22 0.12 0.10 0.74 0.68 0.66 0.80 0.22 




Haplotype: 1 -0.033 0.029 0.044 0.186 -0.035 0.038 -0.088 -0.055 
 (0.051) (0.051) (0.057) (0.096) (0.059) (0.054) (0.056) (0.069) 
Conditional 
Wald F-test 
0.44 0.32 0.58 3.73 0.36 0.48 2.46 0.65 
P-value 0.5092 0.5702 0.4478 0.0546 0.5486 0.4869 0.1180 0.4223 
Males 
 
N (absent) 159 146 186 218 193 163 179 199 
N (present) 76 89 49 17 42 72 56 36 
 NB Haplotype: 1 0.023 0.213 -0.363 -0.070 -0.145 0.218 -0.052 -0.048 
 (0.133) (0.126) (0.156) (0.222) (0.146) (0.127) (0.144) (0.173) 
Log Likelihood 0.04 2.90 5.04 0.10 0.96 2.98 0.14 0.08 




Haplotype: 1 0.104 0.131 -0.355 -0.015 -0.218 0.242 0.01 -0.113 
 (0.102) (0.099) (0.119) (0.179) (0.117) (0.101) (0.113) (0.134) 
Conditional 
Wald F-test 
1.04 1.77 8.86 0.01 3.44 5.78 0.01 0.71 
P-value 0.3090 0.1852 0.0032 0.9312 0.0653 0.0172 0.9301 0.4003 
a compared to null model (log likelihood = -7951.4) 




Table F.27. Model output for FEC models of haplotype dosage in adults. 
  Haplotype 
 
 A B C D E F G H 
Females   
 
N (absent) 416 390 464 581 497 464 471 533 
N (1 copy) 187 193 146 38 119 145 138 82 
N (2 copies) 17 37 10 1 4 11 11 5 
 NB Haplotype: 1  -0.083 0.022 -0.003  -0.114 0.097 -0.087  
(0.144) (0.143) (0.157)  (0.165) (0.149) (0.149)  
Haplotype: 2  0.132 0.151 0.735  -0.834 0.456 -0.817  
(0.459) (0.253) (0.608)  (0.693) (0.566) (0.501)  
Log Likelihood 0.36 1.86 0.74  1.10 2.32 1.12  






Haplotype: 1  -0.05 0.013 0.028  -0.027 0.018 -0.059  
(0.052) (0.053) (0.059)  (0.06) (0.055) (0.057)  
Haplotype: 2  -0.051 0.051 0.513  -0.158 0.192 -0.43  
(0.156) (0.099) (0.203)  (0.271) (0.195) (0.179)  
Conditional 
Wald F-test 0.47 0.14 3.22  0.26 0.51 3.11  
P-value  0.624 0.870 0.041  0.774 0.599 0.046  
Males – N   N (absent) 159 146 186 218 193 163 179 199 
 N (1 copy) 71 82 44 17 39 64 54 33 
 N (2 copies) 5 7 5 0 3 8 2 3 
 NB Haplotype: 1  -0.010 0.234    0.267   
(0.137) (0.13)    (0.134)   
Haplotype: 2  0.309 -0.066    -0.139   
(0.374) (0.359)    (0.278)   
Log Likelihood 0.78 3.54    4.80   







Haplotype: 1  0.073 0.138    0.277   
(0.106) (0.101)    (0.105)   
Haplotype: 2  0.451 0.05    -0.001   
(0.305) (0.293)    (0.236)   
Conditional 
Wald F-test  1.243 0.923    0.711   
P-value  0.291 0.399    0.492   
a compared to null model (log likelihood = -7951.4) 





Table F.28. Associations between haplotype number and each of the five traits in each age-
sex category for the GLMMs and AMs. 
    GLMM AM 
Trait Age-sex category χ2 P value 
Conditional 
Wald F-test P-value 
August weight Lambs 1.230 0.2674 0.196 0.658 
 
Yearlings 0.024 0.8761 0.149 0.700 
 
Adults 0.612 0.4341 1.171 0.279 
Anti-T. circ IgA Lambs 1.925 0.6019 0.272 0.272 
 
Adults 1.469 0.2255 0.085 0.771 
Anti-T. circ IgE Lambs 0.100 0.7520 0.066 0.798 
 
Adults 0.007 0.9330 0.059 0.807 
Anti-T. circ IgG Lambs 3.606 0.0576 3.344 0.068 
 
Adults 0.808 0.3687 0.389 0.533 
FEC Lambs 
 












0.655 0.06 0.804 
  Adult males 
 
0.729 0.01 0.936 
 
 
 
